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1.1 Dissertation overview 
 
 This dissertation describes a series of projects related to the development and 
characterization of microanalytical systems for trace-level determinations of airborne volatile and 
semi-volatile organic compounds (VOCs and SVOCs) in complex mixtures.  A primary emphasis 
is placed on a gas chromatographic microsystem (µGC) designed for rapid determinations of the 
following marker compounds for the explosive 2,4,6-trinitrotoluene (TNT): 2,4-dinitrotoluene 
(2,4-DNT), 2,6-dinitrotoluene (2,4-DNT), and 2,3-dimethyl-2,3-dinitrobutane (DMNB) at 
sub-ppb concentrations (Figure 1-1). A secondary focus is placed on developing a comprehensive 
two-dimensional gas chromatographic system (GC×GC) that employs a novel micro thermal 
modulator (µTM) developed by collaborators in the Kurabayashi Lab in the Mechanical 
Engineering Department. The research has direct relevance to environmental and occupational 
health sciences, specifically to the development of novel direct-reading instrumentation for 
near-real time vapor monitoring at levels useful for homeland security, exposure assessment, and 
emergency response applications.  
 Relatively few reports of fully integrated µGC systems have been published to date [1-15], 
and none has focused on explosive markers. The µGC system described in this dissertation, 
dubbed INTREPID, is part of an ongoing effort in the Center for Wireless Integrated Microsensors 
and Systems (WIMS
2
) at the University of Michigan concerned with the development of µGC 
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instrumentation (Figure 1-2)  [16]. INTREPID has benefited from lessons learned in building other 
WIMS
2
 µGC components and prototypes [3-10], but it incorporates several unique design and 
operational modifications to optimize it for the determination of the target analytes. INTREPID is 
designed to preconcentrate, inject, separate, and detect/recognize target vapors at 
sub-parts-per-billion concentrations in complex mixtures in as short a time period as possible. The 
key components are a pre-trap, a front-end high-volume sampler (not microfabricated), a 
micro-focuser (µF), a wall-coated microcolumn, and a chemiresistor (CR) array detector that uses 
monolayer-protected gold nanoparticle (MPN) interface layers (Figure 1-3).  
 Chapter 1 provides the background and significance of the research. Chapter 2 describes 
the development and testing of the front-end preconcentrator/focuser (PCF) module to be used 
with INTREPID. The work described in this chapter has been submitted for publication in the 
Journal of Chromatography A. Chapter 3 describes the design and development of the INTREPID 
laboratory prototype (INTREPID-I). This chapter also includes component-level and sub-system 
level testing focused on optimizing conditions prior to system integration, and on improving our 
understanding of key operating parameters. Results from this work were used to guide the design, 
assembly, and laboratory characterization of the field-deployable INTREPID µGC prototype 
(INTREPID-II), described in Chapter 4. The work described in this chapter will be submitted for 
publication in a peer-reviewed scientific journal. Chapter 5 describes the development and 
assembly of a GC×GC system using a µTM. This chapter was recently published in the journal 
Analytical Chemistry [17]. Chapter 6 summarizes the key findings and major contributions of this 
research and suggests future studies.   
 In summary, this dissertation entails several independent yet interrelated projects, each of 
which makes a significant contribution to the advancement of micro analytical systems, as the next 
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generation of portable direct-reading instrumentation for complex VOC mixtures of relevance to 
homeland security and occupational and environmental health. 
 
1.2 Background and significance 
1.2.1 Portable direct-reading instruments  
 
 On-site VOC monitoring with portable direct-reading instruments has been practiced for 
the last 40 years [18-46], and numerous manufacturers currently market compact instruments for 
field deployment [33-46]. However, currently available portable instruments are generally too 
large and expensive for routine implementation, only a few of them can provide determinations of 
multiples VOCs, and most lack the inherent sensitivity to detect the low-/sub-parts-per-billion 
concentrations demanded in many of these applications [47].   
 Technologies adapted for field use that are capable of generalized multi-VOC 
determinations are based on Fourier transform and single beam infrared (IR) spectrophotometry 
[18,19,33-35], direct-inlet mass spectrometry (MS) [20-24], ion mobility spectrometry (IMS) 
[25-27], and gas chromatography with various detectors (GC-flame ionization detector (FID), 
GC-photoionization detector (PID), GC-thermal conductivity detector (TCD), GC-surface 
acoustic wave (SAW), GC-mass spectrometry (MS) [28-32, 39-45]. So-called ‘electronic noses’, 
which generally consist of a set of sensor arrays whose collective response patterns are analyzed, 
are also among the current direct-reading monitoring systems available [46]; however they are not 
capable of quantitative multi-vapor analysis [48].  
 Portable GCs are probably the most common direct-reading instruments used for 
determinations of multiple VOCs in environmental and occupational health applications, in 
particular GC/MS systems. The reason why they are so popular is because of their ability to 
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provide unequivocal identification of eluting analytes by the combination of retention time and the 
fragmentation pattern/spectrum created by the MS detector. Among the portable commercial 
GC-MS systems, the Griffin 460 (~96 lbs, FLIR, Portland, OR) uses cylindrical ion trap (CIT) 
technology and can detect VOCs at the ppt-level (with preconcentration) [39],
 
and the TRIDION-9 
(32 lbs, Torion, American Fork, UT) uses a miniaturized toroidal ion trap mass spectrometer, and 
can also detect VOCs at the ppt-level [41]. Portable GCs, however, have not been widely used for 
the analysis of explosives; only one report was found in the literature [32]. 
 The most popular technique for portable instrumentation specifically adapted for the 
analysis of explosives is IMS technology [49]. The main advantage of this technique is its very 
high sensitivity for many explosive compounds and ease of operation, however it can suffer from 
ion suppression from other species in the environment, creating false positive alarms. Other 
techniques applied with relative success for analysis of explosives include MS, Raman scattering, 
fluorescing polymer sensors and GC coupled to MS and IMS [50-51]. Most of these systems, 
however, are not designed for standoff detection, and an operator is required to handle the potential 
threat to collect a swab sample [50]. Recently, many of these instruments are being adapted for 
standoff detection by implementing inlets more amenable to vapor analysis, which include 
high-volume samplers with filters [52-54], automated solid-phase micro extraction (SPME) [55], 
and micropreconcentrators [56-58].  
 
1.2.2. Miniaturization of direct-reading instruments for VOC analysis 
 
 Over the last three decades, numerous efforts have been mounted toward the 
miniaturization of common analytical instruments [1-15, 59-63]. The key enabler is 
micro-electromechanical systems (MEMS) technology, a method of forming complex structures 
using microfabrication steps such as photolithography, deep reactive ion etching and 
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metallization, often on silicon substrates. Reports have appeared on MEMS-based MS [59], IMS 
[60], IR spectrophotometers (FTIR and Quantum Cascade Laser (QCL) array IR [61-63], and GC 
systems [1-15]. MEMS-based MS systems have been reported by Muller et. al., and consist of a 
fully integrated MS on one chip with exterior mini-pumps [54]. Separation and identification of 
some gases was achieved within seconds, however it still has LODs of several hundred ppb, and 
limited resolution for differentiating components. There has also been a significant amount of 
research on miniaturized IR instruments, but due to the principle of IR, there are some inherent 
limitations towards miniaturization, including the use of smaller mirrors that reduces resolution 
[61]. The long path required for increased sensitivity and the power requirements for temperature 
control of the source and detector are also factors that limit the performance of miniaturized IR 
[62]. 
 The most successful instrumentation miniaturized using MEMS technology is GC. The 
earliest report of a µGC was from Terry et. al. in the late 1970s [1]. Over the ensuing 30 years, 
several subsequent reports have appeared on µGC components, including micropumps [64], 
micropreconcentraotrs [56-58, 65-77], microcolumns [78-95], microthermal modulators [96-99], 
microsensor detectors [100-118], and µGC subsystems [119-122]. In general, these consist of a 
separation column coupled with one or another sampling, preconcentration, and/or detection 
device that may or may not have been microfabricated. Relatively few efforts have been 
successful, however, in integrating these into working microsystems. The small number of such 
reports attests to the challenges associated with microsystem integration.   
 Several years ago, Zellers, et al. described the first laboratory prototype µGC capable of 
determining the components of VOC mixtures at ppb concentrations [10]. That µGC included a 
microfabricated preconcentrator/focuser (PCF), a 3-m microfabricated separation column, and a 
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detector consisting of an integrated array of four chemiresistor microsensors that employed 
thiolate-monolayer-protected gold nanoparticles (MPN) as the interface layers. Since then, they 
have continued to improve the performance and expand the capabilities of the µGC components 
and recently, we reported on the first field-deployable µGC, capable of multiple VOC 
determination at sub-ppb concentration [3-5]. Recent reports have also shown progress towards 
µGC×µGC systems with microfabricated thermal modulation [96-98]. 
The µGC systems developed for this dissertation are a step forward in the development of 
portable systems for the analysis of explosive vapors. These MEMS-based microsystem provide 
various capabilities not found in other instruments used for explosive analysis, such as stand-off 
detection, low limits of detection, high sensitivity and selectivity, and fast analysis times.   
 
1.2.3. Preconcentration and focusing (sampler/focuser)  
 Since most detector technologies are not sensitive enough to detect low concentrations 
(i.e., parts-per-billion to parts-per-trillion) of VOCs often encountered in indoor and ambient 
environments, it is necessary to employ a preconcentration step, in which a large volume of 
ambient air is captured onto a bed of adsorbent material and then thermally desorbed into a much 
smaller volume. The preconcentrator may also serve as the injector of the captured VOCs by 
focusing the vapor-mixture plug onto the separation column after desorption from the sorbent bed. 
This is a critical role in separation, because chromatographic resolution is improved by narrower 
injection bands at the head of the column.  
The two most common approaches to preconcentration for field portable systems are the 
collection of discrete air samples via solid-phase microextraction (SPME) [39, 41, 123, 124] or 
conventional sampling tubes containing a granular adsorbent material [66, 125-133]. In the latter, 
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a large volume of ambient air is captured by physisorption onto a bed of the adsorbent material and 
then desorbed into a smaller volume. The extent of adsorption at a given vapor-phase 
concentration of the analyte is determined by the volatility of the vapor, intermolecular forces of 
attraction between adsorbate and adsorbent, the surface area available on the solid adsorbent, 
temperature, flow rate and mass of adsorbent [134,135]. One of the most common adsorbent 
materials used for preconcentration is graphitized carbon, which is available in a range of particle 
sizes and surfaces areas. Among the advantages of graphitized carbon is its low affinity for water 
vapor and high thermal stability [136-142]. 
A modified version of the Wheeler-Jonas equation, often call the reaction kinetic equation, 
is widely used to predict breakthrough of volatile organic compounds on granular activated 
carbon. The breakthrough curve, a plot of the concentration of the compound exiting a packed 
carbon beds vs. time at a fix flow rate, is described by this equation [133, 135]: 
 
 =		
 − 	 ln 	                                                                                            (1) 
 
where tb is breakthrough time, We, the adsorption capacity (g/g carbon), which is a gas/carbon 
interaction parameter, Q, the air flow rate (mL/min), Co, the initial concentration of the compound 
(g/cm
3
), Co/Cx, the fraction at tb, ρB, the packed density (g/mL), and kv, the adsorption rate 
coefficient (min
-1
), which is another gas/carbon interaction parameter. This equation can also be 
re-organized around the breakthrough volume, Vb, a performance parameter of a more general 
interest, which is more easily related to operating variables. 
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With eq. 2 some tradeoffs in performance can be established, and it is clear that Vb will have a 
dependency on variables such as Q (flow rate), Wb (mass of adsorbent), and Co (concentration of 
the compound).  Chapter 2 will focus on the practical implications of the influence of those 
variables on the breakthrough volume; however, the Wheeler model will not be used as a 
framework for those tests.  
Most of the commercial direct-reading instruments that include a preconcentration step use 
an adsorbent material packed in a tube, a pump for collecting the sample and a heater for thermal 
desorption of the trapped samples. For example, the Inficon Hapsite® portable GC/MS which uses 
a glass fritted tube packed with Tenax® and carbon adsorbents inserted into a proprietary thermal 
desorber [40]. Other popular commercial field-portable instruments, such as TRIDION-9 from 
Torion, use SPME technique [41].  
In the literature, there are several articles related to adsorbent-based preconcentration for 
field instruments [126-133]. In most cases, these preconcentrators consist of a glass or metal tube 
filled with adsorbent and wrapped with nichrome, Ta, or Pt wire for heating and thermal 
desorption. For example, Sacks et. al. [126, 129, 130] reported studies of multi-bed sorption 
preconcentrators for bench-scale gas chromatography applications, Zellers et. al. [132-133] 
developed multi-bed preconcentrators for portable gas chromatography and microsensor array 
systems. Rapp et al.[131] used a preconcentrator made of glass tube and packed with Tenax for a 
surface acoustic wave (SAW) micro sensor array system. Cho et al. used a dual-stage 
preconcentrator to trap VOCs from exhaled human breath and inject them into an electronic nose 
[127], and Song et al. reported a novel method to heat the adsorbent material, consisting of a 
ceramic heating material instead of the conventional glass or metal tubes, which allows for direct 
heating of the adsorbent material [125].  
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Despite their major advantages and wide use, tubular preconcentrators also present some 
disadvantages. They are often long and packed with significantly amounts of adsorbent material, 
which leads to large dead volumes and low heating efficiency due to their large thermal mass. 
These restrictions are very often reflected in the less volatile analytes, which takes longer to be 
desorbed, producing broader desorbed peaks. [133]. 
To overcome these issues, miniaturized preconcentrators fabricated in Si using MEMS 
technology have being developed. These micropreconcentrators (µPC), due to their smaller size, 
significantly reduce dead volume, thermal mass, and power consumption. A number of 
microfabricated preconcentrator devices have been reported in recent years. [56-58, 65-77] 
Manginell et. al., [69, 77] developed a mass-sensitive micropreconcentrator used in the 
µChemLab system developed by Sandia National Labs [13], and also in Canary-Three, a 
hand-held chemical detector developed by Defiant Technologies [2]. It consists of a 1.5 x 0.6 mm 
microhotplate with a proprietary selective adsorbent coating applied to it surface. It can achieve 
200 °C in ~ 20 ms with roughly 130 mW of electrical power. Zellers et. al. reported on the 
modeling, development, and characterization of multi-stage micropreconcentrators/focusers 
(µPCF) loaded with carbon-based adsorbents of different surface areas [73, 75, 76]. This µPCF 
achieved a preconcentration factor, which is the ratio of the concentration of the analyte in the 
sample delivered to the detector to the concentration originally presented in the inlet airflow, of > 
5600 [76]. This µPCF was successfully integrated into the first all-MEMS µGC [10].  
A novel approach was pursued by Agah et. al., [67, 68, 70] who fabricated a 
high-aspect-ratio µPC with embedded pillars for enhanced air distribution. That device was coated 
with Tenax TA and an enhancement factor of 1000 was claimed. Lastly, two reports documented 
the use of µPCs for the collection and thermal desorption of explosive vapors. Voiculescu et. al. 
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demonstrated the use of a CMOS preconcentrator coated with a proprietary sorbent polymer 
attached to an IMS spectrometer, capable of enhancing the sensitivity and selectivity to TNT 
vapors by three orders of magnitude [56]. In the other article, Martin et. al. showed a large MEMS 
preconcentrator (6.65 x 6.65 mm) coated also with a proprietary sorbent polymer [57]. This 
preconcentrator could only achieve modest desorption temperatures (120 °C in 200 ms), and 
sensitivity to TNT vapors increased only one order of magnitude, compared to no 
preconcentration. This report however, addresses a shortcoming of typical µPCs, the inadequate 
sampling flow rates. This µPC can operate up to 400 mL/min, the highest flow rate published for a 
µPC to date. In general, microfabricated preconcentrators have not been tested with large sample 
volumes, due, in part, to the relatively low flow rates that µPCFs can achieve, and to the small 
amount of adsorbent used in the µPCF, that reduce the adsorption capacity and thus, the 
breakthrough volume. Another factor that has not been generally considered in the design of 
microfabricated preconcentrators is the competition among high-boiling point co-contaminants 
and target vapors for sorption sites that may also change the degree of sorption at a given 
target-vapor concentration. Zellers et. al. explored the use of multi-stage preconcentrators to 
overcome this issue, but the problem remains if single-stage preconcentrators are to be used [76].  
 In this dissertation, we describe the design and analytical performance of a multi-stage 
preconcentrator-focuser (PCF) module consisting of a conventional tubular sampler and a 
microfabricated focuser (µF), shown in Figure 1-4. With this module, we address the respective 
shortcomings of the tubular and microfabricated preconcentrators by using them in tandem. The 
high-volume sampler is used as a first preconcentrator stage in which large volumes of air can be 
collected in a short period. The µF is used as a second preconcentrator stage, to which the sample 
collected in the tubular sampler is transferred by thermal desorption, focused, and injected to a 
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downstream separation column. This configuration allows us to collect a large sample volume in 
very short period of time while still being able to inject sharp injection plugs into the column. 
Similar to the multi-stage PCF module described by Sukaew et. al. [66], this module is optimized 
for the selective capture of explosive markers. Ultimately, the PCF module will be interface with 
the µGC we are constructing for the high-speed determination of explosives markers. 
 
1.2.4. Separation (microcolumn) 
 Microfabricated GC columns (microcolumns) have received interest due to their small 
size, low power requirement for heating and batch manufacturing [78-95]. A typical microcolumn 
structure consists of a deep-reactive-ion-etched (DRIE) Si channel with rectangular or 
round-shape cross section that is 0.25 – 3 m in length. An anodically bonded Pyrex cover plate is 
used to seal the open Si channel. As with most commercially available fused-silica capillary 
columns, a thin layer of a polymer stationary phase is deposited on the channel walls, using a static 
or dynamic coating method [82,85,90]. Microcolumns packed with an adsorbent material or gold 
nanoparticles have also being reported [95]. Separation is based on the partitioning of an analyte 
between a stationary phase (often a liquid silicone-based polymer) and a mobile phase (i.e., a 
carrier gas such as air, He, H2).  Several laboratories have reported on the development of 
microfabricated GC columns, however only Sacks et. al. [85-87], Radadia et. al. [80, 83], Agah et. 
al. [79, 81] and Zellers et. al. [82, 84] have reported high efficiency microcolumns.  
 The Golay equation is used for describing the column efficiency, and is the measure of the 
band broadening phenomenon that is observed for any component eluting in the column [143]. The 
column efficiency is characterized by the height equivalent to the theoretical plate (H), or the plate 
number (N, the ratio of the length of the column to the plate height, H). For open tubular columns 
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(i.e., most microcolumns), there are four additive terms that contribute to the band broadening and 
that are reflected in the Golay equation. The diffusion in the mobile phase (B),  the resistance to 
mass transfer in the mobile phase due to non-uniform velocity field (Cg), the resistance to mass 
transfer in the stationary phase (Cl), and extra-column band broadening term. Equation 1 shows the 
simplified version of the Golay equation with those terms.   
           !	 = 	"# 	+ 	%&#	 +	%'# + (#)	                                                                                    (3) 
  
Where v is the cross-sectional linear velocity of the carrier gas.  The plate height contribution by 
the diffusion in the mobile phase (B) can be expressed as: 
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Where Dm is the diffusion coefficient of the component in the mobile phase. The plate height 
contribution by the resistance to mass transfer in the mobile phase (Cg) can be expressed as:  
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Where k is the retention factor, and r the radius of the column. The plate height contribution by the 
resistance to mass transfer in the stationary phase (Cl) can be expressed as:  
 
        !%' =	 )06(0.-)) 	× 	78
)#
('                                                                                     (6) 
 
where df  and Dl are the film thickness of the stationary phase and the diffusion coefficient of the 
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component in the stationary phase, respectively.  
 Experimental parameters need to be properly selected and optimized to minimize band 
broadening from these factors. A model has also been developed for rectangular cross-section 
channels, as used in microfabricated columns [144]. This model, which is a modified version of 
the Golay equation, takes into account the aspect ratio of the rectangular channels to describe band 
dispersion. This modification only affects the HCg term, which is dependent on the column 
cross-section. The proposed expression by Spangler for the HCg term is: 
 
!%& =	 <.>.)0.6?0)>/(0.-)) 	× 	@
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where w is the width of the rectangular channel, with an aspect ratio (i.e., ratio of depth to width of 
the column cross-section) approaching infinity. The Golay equation can be used to calculate H 
minimum at a velocity in which the forces leading to peak dispersion are minimized. Minimizing 
H leads to a larger value of N and therefore a more efficient separation. Other metrics developed to 
measure and compare column efficiency are peak capacity (np), which is the number of perfectly 
spaced peaks that can be fit into a given chromatographic space, and resolution (Rs), a metric that 
quantifies the degree of separation of two compounds [143].   
  
1.2.5. Detection/Recognition (microsensor array) 
 
 Low-power microsensors have been critical to the development of miniaturized VOC 
monitoring instrumentation [100-118]. Most gas/vapor microsensors rely on partitioning of target 
molecules into a thin film of ad/absorptive interface material on the surface of a substrate that is 
probed electrically, mechanically, thermally, or optically.  
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 Recent notable efforts focused on explosives detection include: a single optical detector 
based on fluorescence quenching of a pentiptycene-based polymer that occurs upon exposure to 
target vapors with fairly high selectivity [145-147]. Other efforts includes surface acoustic wave 
(SAW) sensors coated with carbosilane polymers containing fluoro-alcohol side groups [149], and 
micro-cantilevers with either metal or polymer coatings operated at low or high temperatures 
whose stress-induced deflection provides a measure of target analyte concentrations [110-113]. 
Chemiresistors (CR) coated with Au-thiolate monolayer protected nanoparticles (MPN) [102-108, 
150-154] whose resistance is a highly sensitive function of sorbed vapors (Figure 1-5), have also 
been reported to provide low detection limits to TNT vapors, when using a fluoro-alcohol derivate 
thiolate as a ligand [154]. Although each of these sensor technologies has merit, further work is 
needed to integrate them into fully autonomous portable explosive detection systems.  
 In the last decade, there was an increase use of sensors as GC detectors, including surface 
SAW sensors [2,10,11,13,30], metal oxide sensors [12], and chemiresistors arrays. In particular 
CR arrays coated with MPNs as a sensing film have been used widely as a detector for portable and 
micro GC systems [3,9,28,29]. Among the distinguishing features of the MPN-coated CR sensor is 
the dependence of vapor absorption into the film to create a resistance change, this feature allows 
for miniaturization of the CR sensor without loss of sensitivity. In addition, the selectivity of the 
MPN-coated CR can be tuned for a specific target compound through the functional groups of the 
organic thiolate on the gold nanoparticle. If an array is used, CRs can be coated with several MPNs 
with different functional groups. The interaction of a VOC with the different MPNs films will 
create a specific response profile unique for the compound based on the interactions with the 
several functional groups of the MPNs. This approach, coupled with a pattern-recognition analysis 
constitutes an effective method to enhance the selectivity of the sensor array as a detector.  
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 The use of CR arrays as GC detectors, however, raise other factors for an optimize sensor 
response. Kinect factors, for example, must be considered. Since the bands eluting from the 
separation column have a finite residence time in the detector cell, the flow rate at which the 
compounds pass through the detector cell is an important factor to optimize for an adequate 
response. Previous work with CR arrays as GC detector has shown the effect of flow rate on peak 
width, peak height and peak area for compounds detected using an MPN-coated sensor [28,100]. 
Temperature is another factor that has an effect on the CR sensor response. As shown in previous 
work [100], an increase in the CR temperature would result in reduce absorption, decreasing the 
sensitivity, however, temperature also increases the kinetic energy of the molecules. This behavior 
has an effect on the diffusion rate of the vapors, which will more easily permeate into the films, 
decreasing the eluting band of the vapors inside the finite detector cell. These effects reduce the 
peak width of the eluting compounds, increasing the chromatographic resolution.  
 
1.2.6. Comprehensive two-dimensional gas chromatography 
 
 Although the scaling laws related to GC systems generally favor miniaturization, including 
low dead volume and narrower columns, two factors must be sacrificed due to inherent limitations 
on the column length: Resolution (Rs), and peak capacity (np). Resolution is defined as 2*(tR2 - 
tR1)/(w1 + w2), where tR2 and tR1 are the retention times of adjacent compounds, and w1 and w2 are 
the base peak widths of the adjacent peaks. Peak capacity (np) is defined by the equation np = 1 + 
N
1/2
/(4Rs)ln(tRn/tM), where N is the number of theoretical plates, tM is the unretained time of 
methane, and tRn is retention time of the last retained peak. One approach to increasing resolution 
(and sensitivity) entails the use of comprehensive two-dimensional gas chromatography 
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(GC×GC), in which two columns having stationary phases with different retention properties are 
coupled in series through a junction-point modulator [155-157].  
 In a comprehensive GC×GC instrument, the effluent from a first-dimension GC column 
(
1
D) is transferred and re-injected using a modulator with a series of repetitive, fast separations in 
the second dimension column (
2
D). The modulator is the key piece that couples the two separation 
columns. Samples are injected at the inlet of the 
1
D column, where they undergo separation, then, 
by means of the modulator, are diverted to the 
2
D column, where analytes undergo an additional 
separation. The exhaustive transfer of a primary dimension eluting peak into the secondary column 
can be achieved with an appropriate modulation time, which is the time employed for sampling 
(trapping and releasing) 
1
D peaks. The modulator time, being in the order of a few seconds, is 
generally not sufficient to transfer an entire peak coming from the 1D column, but slices of it, 
generating a series of 
2
D retention times. This separation mechanism, supported by the 
orthogonality of the separation columns generates the GC×GC chromatogram (Figure 1-6).  
  The most important attributes of GC×GC are the increases in resolution and sensitivity 
(only with thermal modulation) afforded by re-injecting at the modulator and compound 
classification based on the presence of clusters in the GC×GC chromatogram. Peak capacity of 





dimension column, can also be more than an order of magnitude larger than that of optimal 1-D 
GC, but only under ideal conditions, currently not achievable by commercial GC×GC systems 
[158]. 
 The first GC×GC system was reported over 20 years ago, when Philips et. al. developed 
the first GC×GC modulator [159]. The modulator consisted of a segment of a fused-silica capillary 
coated with a conductive gold paint coupled to a 21-m long, 0.25-µm i.d. polyethylene glycol 
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capillary column, and a 0.1-m long, 100-µm i.d. PDMS capillary column. It was resistively heated 
to temperatures above the GC oven temperature to re-inject analytes from the 
1
D to the 
2
D column. 
This design was only adequate for semi-volatile organic compounds that could be trapped in the 
modulator at room temperature. Sample loss due to breakthrough was also a problem. When 
trapped effluent was remobilized, any analyte entering the modulator would not be trapped. A 
more efficient dual-stage modulator was subsequently designed to minimize sample loss 
[160-161]. In a two-stage modulator, components that are trapped in the primary stage are released 
into the second stage by a heating pulse sent to the primary stage. The second stage is not heated 
until the primary stage has cooled to a temperature sufficient for trapping upcoming components. 
This alternating heating and cooling of each stage results in a more efficient quantitative 
performance. Full-widths-at-half-maximum (fwhm) on the order of 140 ms were obtained for the 
modulated peaks, with this modulator [161]. 
 An improvement in resistively-heated modulators came with the development of the 
rotating thermal modulator [162]. This modulator operates similarly to the direct resistive heating 
modulators, but uses a rotating heater block instead of conductive gold paint to heat the 
fused-silica capillary.  This design proved to be more robust and efficient than previous thermal 
modulators. An important breakthrough in the development of thermal modulators came with 
cryogenic cooling modulators. Using cryogenics, such as liquid nitrogen, allowed analyte bands to 
be trapped at temperatures below the oven temperature, reaching temperatures as low as -196 °C 
[163]. With the use of cryogenics, more volatile compounds could be analyzed. The first cryogenic 
modulator was designed by Marriot et. al. [164-165]. Their longitudinally modulated cryogenic 
system (LCMS), consisted of a liquid CO2-cooled chamber that moved back and forth between 
two positions along the end of the 
1
D column. The columns used in the LCMS GC×GC system 
18 
 
were a non-polar 25-m long, 250-µm i.d. 5% phenylmethylsiloxane capillary column for the 
1
D, 
and a semi-polar 0.6-m long, 100-µm i.d. 14% cyanopropylmethylsiloxane capillary column for 
the 
2
D. A complex mixture was analyzed in 150 min with this GC×GC system, but only 29 





dimensions respectively, and the modulation period, the time between successive first-stage 
heating events, was 7.2 s. Later on, Ledford et. al., designed a two-stage cryogenic modulator that 
consists of two cold CO2 jets and two hot air jets [166]. This design was made commercially 
available through the LECO Corporation, which replaced the CO2 jets with liquid nitrogen-cooled 
gas jets [163]. In the last past decade, several other single- and dual- stage cryogenic modulators 
were developed, and most commercial GC×GC systems today rely upon cryogenic modulation 
[167-175]. 
 In an attempt to develop consumable-free thermal modulators, Sacks et. al. developed 
air-cooled thermal modulators that use a conventional refrigeration unit to provide cold air to the 
modulator [176-178]. The capillaries are resistively heat for remobilization of the analytes. This 
GC×GC system greatly reduces resource requirements relative to systems requiring cryogenic 
materials; however, the refrigeration unit cools the modulator to only about – 20 °C, limiting the 
number of high boiling compounds that can be effectively trapped in the modulator.  
In recent years, new types of modulators, based on valve operation have received 
significant attention.  In this type of modulation, the transferred band is not compressed. Instead 
sample is injected to the second column at a relatively high frequency, with bandwidth as small as 
10 ms [179]. The main advantages of valve-base modulators are the low cost of operation (no use 
of consumables) and ease of adapting to conventional GC instruments. The first valve-based 
modulator was developed by Synovec et. al. [179]. It consisted of a 6-port diaphragm valve with 
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two set positions, sampling and venting mode. In sampling mode, the sample from the primary 
column enters the secondary column; during venting, the sample is split into the secondary column 
and a venting port. An auxiliary make-up gas is supplied to the secondary column increasing the 
linear velocity. This procedure would unfortunately vent 80-90% of the sample, which ultimately 
decreased sensitivity. In addition, the upper operational temperature limit of the valve was rather 
low, which made the analysis of semi-volatile compounds practically impossible. Seeley et. al. 
[180] later developed a pneumatic modulation technique, called differential flow modulation, 
which adds a sample loop to the 6-port valve, modifying the configuration previously designed by 
Synovec et. al.. The sample coming from the primary column fills the sample loop, then, upon 
switching the valve, an auxiliary make-up gas compresses the sample collected in the loop before 
injecting it into the second column. With this valve system, approximately 80% of the primary 
column effluent would enter the seconday column. The key to this method is the relative flow rates 
of carrier gas in each column (e.g., 0.75 and 15 mL/min, respectively). Recently, Seeley et. al. also 
developed a pneumatic modulator based on a Dean’s switch [181]. This modulator solved the 
problem of the low temperature limit of the diaphragm valves by using two sample loops and a 
pneumatic switch operated outside the GC oven. The main disadvantage of this modulator is its 
low duty cycle which only permits a small portion of the primary column effluent to be re-injected. 
Despite this, the modulator is used in many commercial GC×GC chromatographs [182-183].  
Although not yet available as a portable direct-reading instrument, the increases in 
sensitivity afforded by focusing at the midpoint and the increase in peak capacity and resolution 
afforded by use of two complementary stationary phases for separation, make GC×GC an 
attractive technique for the analysis of complex (S)VOC mixtures.  Barriers to portability include 
the need for cryogenic fluids and high power for heating the thermal modulator, or the need of 
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multiple bulky valves to create a pneumatic modulator. Recently Kurabayashi et. al. 
described the fabrication, design and performance of a low-power two-stage microfabricated 
thermal modulator (µTM, Figure 1-7) [97,98]. The µTM measures 13 mm (l) × 6 mm (w) × 0.5 
mm (h) and consists of two interconnected serpentine etched-Si microchannels suspended from a 
thin Pyrex cap and wall-coated with PDMS. The µTM is mounted within a few microns of a 
thermoelectric cooler that can cool the stages up to – 35 °C to focus eluting analytes from the 
primary column. It was heated to 210 °C with a rate as high as 2400 °C/s and cooled at rates as high 
as -168 °C/s. The µTM was tested for performance, connected to a primary column and the outlet 
connected directly to an FID. Under those conditions, the µTM was able to generate fwhm as low 
as low as 70 ms, and peak amplitude enhancement (PAE) of up to 50, for a set of n-alkanes with 
vapor pressures spanning a ~ 100-fold range [98]. This dissertation will take this work a step 
further, and GC×GC chromatograms will be generated by coupling the µTM to short capillary 
columns in anticipation of using microfabricated columns to assemble a µGC×µGC system, which 
result in fast separations even for the moderately complex mixtures tested. 
 As described in this introduction, several efforts have been mounted describing the 
characterization, testing and fundamental aspects of MEMS analytical components and µGC 
subsystems, with only a few efforts reporting fully assembled MEMS-based µGCs. This 
dissertation discusses the results of the development of such a µGC for a specific application: the 
fast analysis of explosive markers at trace concentrations. The development of the µGC includes 
some component-level characterization (Chapters 2 and 3), as well as sub-system and system 
characterization (Chapters 3 and 4). In addition, Chapter 5 discusses the efforts towards the 
fabrication of the first µGC×µGC system with a µTM, by assembling a sub-system consisting of 
the µTM connected to fused-silica capillary columns. This research comprises significant progress 
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towards the development of MEMS analytical systems for use as portable direct-reading air 
monitoring instrumentation. 
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a b c d
Figure 1-1. (a) 2,3,6-trinitrotoluene (TNT, pv = 0.006 mtorr), (b) 2,4-dinitrotoluene 
(2,4-DNT, pv = 0.5 mtorr), (c) 2,6-dinitrotoluene (2,6-DNT, pv = 1 mtorr), (d), 




























 GC prototypes: (a) MERCURY, designed for 
robot-mounted military surveillance, (b) SPIRON, designed for 
multiple VOC analysis, (c) ORION (concept), ultra small, low power 
























Figure 1-3. Fluidic pathway diagram of the INTREPID-II µGC prototype and 

















































Figure 1-4. The preconcentrator/focuser (PCF) module consists of pre-trap, sampler and 
microfocuser (µF), and operates in three modes: (a) Sampling, (b) Focusing, and (c) 
Analysis. In (a) Sampling Mode, the analytes pass through the pre-trap and sampler. As 
shown in the figure, ideally only certain compounds are trapped on each device, 
according to the adsorbent material which is retained inside them. In (b) Focusing Mode, 
sampler is heated and compounds trapped in the sampler are transferred to the µF. Based 
on the adsorbent material packed in the µF, and operating conditions, selectivity towards 
the target compounds can be achieved. In (c) Analysis Mode, µF is heated, and 

















































Figure 1-5. (a) Cartoon showing the vapor absorption swelling/shrinking on the 
MPN film that creates the signal response, (b) picture of an eight chemiresistor 
sensor array, (c) monolayer protected gold nanoparticles with the different 

















































Figure 1-6. Cartoons showing the (a) dual-stage thermal modulator used 








































Figure 1-7.  Photograph of both sides of the microfabricated 
two-stage thermal modulator (µTM). Labels identify the 













HYBRID PRECONCENTRATOR/FOCUSER MODULE FOR DETERMINATIONS OF 




 The need to rapidly and selectively measure trace levels of explosives is a critical 
component of security measures taken to screen baggage and personnel in airports. The repertoire 
of detection systems developed or adapted to this application has been reviewed [1,2] and includes 
a small number of instruments configured for measuring air concentrations of explosives or their 
marker compounds directly [3-12]. In the absence of specialized inlets, use of these instruments is 
limited to those explosives with vapor pressures high enough to yield detectable quantities of 
airborne material.   
One common explosive, 2,4,6-trinitrotoluene (TNT), is detectable in the gas phase but its 




produces a saturation concentration of only ~7 ppb at room 
temperature. Natural byproducts of TNT production include 2,4- and 2,6-dinitrotoluene (2,4-DNT 
and 2,6-DNT, respectively), and smaller amounts of other TNT and DNT isomers, which are 
found as impurities in TNT-containing explosive devices [13].  The vapor concentrations of the 
two major TNT impurities, 2,4-DNT (pv = 5.3 × 10
-5 





comprise 35% and 4%, respectively, of that of TNT in the headspace of commercial TNT at room 
temperature [14]. The more volatile 2,3-dimethyl-2,3-dinitrobutane (DMNB, pv = 2.7× 10
-4 
kPa) 
has been designated by the International Civil Aviation Organization (ICAO) as an explosive 
taggant, and a small quantity of DMNB is added to formulations of many legally manufactured 
explosive products [15].  
Portable instruments employing gas chromatography with mass spectrometric (GC-MS) 
and ion mobility spectrometric (GC-IMS) detection can provide reliable speciation and low-level 
detection of explosive marker vapors [11,12], owing largely to the combination of separation and 
spectral detection.  However, GC-MS systems are very expensive and require highly trained 
operators, and IMS systems are reportedly prone to false positive responses [1].  Thus, there 
remains a need for portable instrumentation capable of fast and accurate analysis of explosives in 
the vapor phase, yet small, simple, and inexpensive enough to be used for routine monitoring.  
Over the past decade, there have been a few reports on microfabricated gas 
chromatographic systems (µGC) made from micromachined-Si devices [16-24], and numerous 
reports on the individual components of such systems [25-37].  The low power requirements, small 
size, and eventual low production cost of µGC systems favor their use in field settings. For those 
systems employing arrays of microsensors for detection, advantage can be taken of the crude 
spectrum they provide in a manner analogous to that in GC-MS systems.  However, the 
microsensors used in such systems generally lack sufficient sensitivity to achieve the low limits of 
detection (LOD) required for many applications [17,19-24], including the security applications 
considered here.   
Preconcentration devices for vapors of explosives and their markers have been developed 
in parallel with portable instrumentation developed for their detection [2], and include large, 
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high-volume samplers with partially selective filters or low-surface-area adsorbent materials for 
trapping particles and vapors, respectively [2,38-40]. No data could be found on preconcentration 
factors or sample capacities for such devices.  Solid-phase microextraction (SPME) has also been 
used for explosive vapor sampling [41], but the long sampling time required to passively collect 
sufficient analyte mass is a limiting factor.    
 
Microfabricated preconcentrators have also been reported for facilitating the detection of 
explosives with portable instruments; some with sorbent materials designed to interact 
preferentially with nitroaromatic compounds [27] and others with commercial porous polymers 
[26, 28]. Their small size reduces the dead volume and their low mass improves the efficiency of 
thermal desorption, but the preconcentration factors achievable and minimum sampling times 
required are constrained by inherent limitations on the maximum sorbent mass that can be loaded 
into the devices and the maximum flow rate that can be drawn through them, respectively. Thus, it 
is not possible to sample sufficiently large volumes of air and/or trap sufficient analyte mass in a 
short enough period of time with micro-scale preconcentrators to meet the demands of security 
screening for explosives [42].  
As part of an effort to construct a µGC prototype for the analysis of explosive marker 
compounds, the work described here concerns the development of a hybrid 
preconcentrator-focuser (PCF) module that combines conventional and microfabricated devices in 
a manner that uses the attributes of each to best advantage while minimizing their shortcomings.  
The approach taken is modeled after that for another PCF module we developed recently for a 
different µGC prototype [42], which was designed for monitoring vapors of trichloroethylene in 
complex mixtures [19-21]. Figure 2-1 shows a block/fluidic diagram of the PCF module and the 
other analytical components of the current µGC prototype. In operation, a finite volume of 
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contaminated air would be passed through the pre-trap and sampler, both of conventional designs 
and dimensions, at a high flow rate, quantitatively capturing the marker compounds along with 
some fraction of other vapors of similar volatility on the sampler adsorbent bed.  These compounds 
would then be thermally desorbed and transferred to the microfocuser (µF) at a lower flow rate of 
scrubbed ambient air, and then thermally desorbed again and injected to the microfabricated 
column (1-m length) at yet a lower flow rate of scrubbed air that is compatible with efficient 
chromatographic separation.  The combination of separation and microsensor array detection 
increases the reliability of the marker determinations in the presence of interferences.     
Selective preconcentration is desirable to exclude potential interferences. Since physical 
adsorption of moderately polar organic compounds is primarily a function of their vapor pressures, 
this was used as the basis for a crude selectivity scheme. By use of a pre-trap to remove 
particle-adsorbed low-volatility interferences, and by use of a hydrophobic, medium-surface-area 
adsorbent material in the sampler and µF that would not retain water or higher-volatility 
interferences, the PCF module could simplify the downstream separation and response-pattern 
discrimination problems, while also reducing power requirements and the duration of each 
sampling/analytical cycle.  
In this article we describe the design, development, and characterization of this hybrid PCF 
module. The criteria used to guide the selection of adsorbent materials, the duration of each step in 
the overall analytical cycle, minimum sample masses, and a set of relevant interferences are 
presented first, followed by results of experiments aimed at optimizing the performance of the 
sampler, µF, and pre-trap individually.  Results obtained with the integrated PCF module 
connected to a microfabricated GC column and a flame-ionization detector (FID) are then 




2.2. Experimental  
2.2.1. Materials  
 The explosive markers DMNB, 2,6-DNT, and 2,4-DNT, as well as the n-alkanes and 
other volatile organic compounds (VOCs) used as interferences (Table 1) were purchased 
from Sigma-Aldrich/Fluka (Milwaukee, WI) or Acros/Fisher (Pittsburgh, PA) in > 99% 
purity and were used as received. Standard solutions of the markers were obtained from 
AccuStandard (New Haven, CT) in 1 mg/L concentrations in methanol/acetonitrile. The 
graphitized carbons, Carbopack B, Y, and F (C-B, C-Y, C-F, 60/80 mesh; specific surface 
areas of 100, 25, and 5 m2/g, respectively) were obtained from Supelco (Bellefonte, PA).  
Samples were sieved and the fractions with nominal diameters in the range of 212 – 250 
µm were isolated, preconditioned at 350 °C for 6 hours under helium, and packed in the 
appropriate device.   Glass beads (< 1 m2/g, 212 – 250 µm diam.) were obtained from 
Sigma-Aldrich and were similarly preconditioned prior to use. 
 
2.2.2. Sampler and µF construction   
The high-volume sampler (Figure 1b) is a 6-cm long, 0.64 cm i.d., stainless-steel tube with 
a welded side-port tube (6 cm long, 0.16 cm i.d.) located 1.5 cm from one end. A thin layer of 
polyimide tape (McMaster-Carr, Elmhurst, IL) was wrapped around the primary and side-port 
tubes for electrical insulation. A lacquered Cu wire coil provided heating and a fine-wire 
thermocouple (Omega, Stamford, CT) held snugly against the tube wall monitored the 
temperature. Stainless-steel Swagelok
®
 fittings (H.E. Lennon, Farmington Hills, MI) were used to 
connect the sampler to other system components (note: Teflon fittings were used initially, but were 
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prone to leakage after repeated thermal cycling). The adsorbent material was retained in the 
primary tube between plugs of silanized glass wool and micromesh stainless steel screening 
(Product # 42-6110, Ted Pella, Inc., Redding, CA), and a thin strip of stainless steel was bent and 
inserted in each end to prevent the bed from shifting over time.  
Three µF devices were tested. The overall chip dimensions were 4.2 (w) × 7.3 (l) × 0.6 (h) 
mm for the small and medium sized device, and 4.2 (w) × 9.8 (l) × 0.6 mm (h) for the large device 
(Figure 1c). Each µF chip contains a DRIE-Si cavity with tapered inlet/outlet, DRIE-Si pillars 
(0.15 mm widths and spaces, 0.38 mm height) near the inlet and outlet ports for retaining the 
adsorbent granules, a side port for filling with adsorbent, and inlet and outlet flow channels. An 
additional etched channel with a tee connection to one of the two main flow channels facilitates 
loading and backflushing of vapor samples. All three fluidic ports on the µF chips have expansion 
sections that accept 250 µm i.d. fused-silica capillaries used for interconnections. Evaporated 
Cr/Au heater contacts and a Ti/Pt RTD are used for controlled thermal desorption/injection by 
bulk heating. The device is sealed with an anodically bonded Pyrex plate (0.1 mm thick). 
Deactivated fused-silica capillaries (0.250-mm i.d., 10 cm long, Supelco, Bellefonte, PA) were 
inserted in the fluidic ports and secured with silicone adhesive (Duraseal
®
 1531, Cotronics, 
Brooklyn, N.Y). Electrical connections to a custom printed circuit board were made using gold 
wire-bonds.  The µF was packed with the adsorbent by applying gentle suction to the outlet port 
through the fill port at the side of the cavity. After packing, the filling port was sealed with 
Duraseal
®
. Approximately 0.5, 0.9 and 2.0 mg of C-B were packed in the small, medium and large 
µF device cavities, respectively, as determined gravimetrically. The inlet capillary of the µF was 
connected to the side-port tube of the sampler by means of a 0.16 cm i.d. stainless steel union 




2.2.3 Test atmosphere generation   
 Saturated test atmospheres of the marker compounds were prepared in seasoned (i.e., 
pre-exposed and purged multiple times) 3-L Tedlar bags (SKC, Eighty-four, PA) filled with clean 
dry air. Blank samples collected from these bags did not show detectable amounts of phenol or 
dimethylacetamide or other impurities normally found at low levels in samples taken from such 
bags [43].   Aliquots were then transferred by gas-tight syringe to a series of other seasoned bags 
prefilled with clean dry air to achieve the desired concentrations. Test atmospheres of the less 
volatile alkanes (i.e., C14-C16 n-alkanes) were prepared in a similar way. Due to the very low 
volatility of the markers, some loss is expected from condensation and adsorption to the bag walls. 
Therefore, a bench-scale GC with FID and ECD detectors (Model HP6890, Agilent Technologies, 
Palo Alto, Ca), calibrated with standard solutions of the markers, was used to confirm vapor 
concentrations. Mixed atmospheres of the markers and the compounds listed in Table 2-1 were 
prepared by taking samples of saturated atmospheres of the markers and C14-C16 n-alkanes, and 
liquid samples of the other VOCs and combining them in one 20-L Tedlar bag. All test 
atmospheres were kept at ambient temperature.  
 
2.2.4. Capacity and desorption efficiency of sampler 
Sampler breakthrough tests were performed using the heater coil to maintain the device at a 
baseline temperature of 40 °C, which is the anticipated maximum ambient temperature inside the 
µGC prototype. With the side-port temporarily capped, air samples were drawn from the test 
atmosphere through the sampler at 3 L/min with a diaphragm pump (D737B, Parker, Cleveland, 
OH). Stainless-steel tubing (0.64 cm i.d., Siltek®, Restek, Bellefonte, PA) was used for all the 
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connections. A tee connector with a septum-sealed side-port was inserted downstream and a 
gas-tight syringe was used to collect samples roughly every 30 sec and inject them into the 
bench-scale GC for separation on a short capillary column and detection with the ECD.  The 
dynamic adsorption capacity was evaluated in terms of the 10% breakthrough volume, Vb-10, which 
is the sample volume required for the concentration downstream from the adsorbent tube to reach 
10% of the challenge concentration. This was determined for each marker by direct injection of the 
marker from the test atmosphere into the GC. All breakthrough tests were performed in duplicate 
using a mixed atmosphere containing 25 ppb of each marker and each interference in Table 2-1. 
DMNB was used as the sentinel vapor, because it is expected to break through more rapidly than 
the other less-volatile markers.  
Desorption tests entailed spiking the sampler and monitoring the downstream 
concentration profile as a function of the heating rate and desorption (air) flow rate. The primary 
purpose was to determine the time required to transfer the sample to the µF.  Tests were performed 
with spikes of each marker individually, mixtures of all three markers, and mixtures of the markers 
and 22 interferences. The presence of any residual material on the adsorbent following the initial 
desorption was also determined by collecting follow-up blank samples and desorbing again under 
the same conditions as in the first sample.   
  The sampler was mounted on top of the GC with the side-port extending into the GC oven 
through a small hole. A 15-cm section of deactivated fused-silica capillary connected the side-port 
directly to the FID through a press-fit Y-connector, which was used to split the desorption flow 
stream (i.e., no separation column was used for these tests).  The sampler was loaded by drawing 
the sample from the test atmosphere using a pump, with the side-port temporarily blocked. By 
switching the appropriate valves, clean, dry air was passed in the opposite direction under positive 
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pressure while the sampler was heated to desorb the vapors with backflushing. A section of 
deactivated capillary inserted in one branch of the Y-connector served as a flow restrictor so that 
only ~15% of the total desorption flow stream passed to the FID, while the remainder was vented. 
Flow rates through both paths were measured with an electronic flow meter (Drycal, Bios 
International, Butler, NJ). The GC oven temperature was set to 75 °C to reduce wall adsorption. A 
needle valve located upstream from the sampler was used to set the desorption flow rate at each of 
four values ranging from 10 to 60 mL min
-1
. After each analysis, two subsequent 1-L samples of 
purified dry air were desorbed to check for residue in the sampler.  
The sampler was heated closed-loop, with control provided by a laptop running a routine 
written in LabVIEW (Ver. 8.5, National Instruments, Austin, TX). A pair of digital outputs from a 
data acquisition board (DAQ, USB-6501, National Instruments, Austin, TX) switched on/off two 
voltages, one to provide rapid heating rate, and the other to maintain the final temperature. Three 
heating rates were tested: 15, 22, and 44 °C/sec. The voltages applied to reach a final temperature 
of 250 °C, were 17, 19, and 22 VDC, respectively. A bias of 9 VDC was applied to maintain the 
final temperature in all three cases. Chromatograms from breakthrough tests (ECD) or composite 
peak areas from desorption tests (FID) were collected and processed using Chemstation software 
(Rev.B.01.01, Agilent Technologies, Santa Clara, CA) and GRAMS32 (version 6.0 
Thermoscientific, Pittsburgh, PA). 
 
2.2.5. Capacity and desorption efficiency of µF  
 Preliminary capacity testing employed test atmospheres of DMNB drawn continuously 
through the µF at different flow rates and bed masses. As above, aliquots were taken from a 
downstream tee connector and injected into the GC with a short capillary column and an ECD to 
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measure fractional breakthrough volumes. In subsequent experiments, the µF was mounted inside 
the GC oven and connected with deactivated capillary to the side-port of the sampler and to the 
Y-connector leading to an FID. The effluent from the µF was monitored at different sampler 
desorption flow rates, baseline (oven) temperatures, and spiked quantities of the markers and 
interferences on the sampler. The area of the FID peak measured downstream from the µF, which 
is an unresolved composite of the markers and interferences, was determined and expressed as a 
(mass) fraction, Mx, of the (previously measured) thermal desorption peak area generated by the 
sampler, Mo.  
 The thermal desorption profile of the µF was determined at desorption flow rates ranging 
from 1.8 to 12 mL/min and maximum desorption temperatures of 175 to 280 ºC, achieved at a rate 
of ~ 375 °C/sec. In these experiments, the µF was placed in line between a GC inlet and the FID in 
the GC oven held at 70 °C. A 10-cm segment of fused-silica capillary wrapped with a Cu heating 
coil wire was used to connect the µF and FID and was maintained at ~100 °C by applying 6 VDC 
across the wire. Under these conditions, the µF-FID hold-up time was less than 1 sec for all flow 
rates, band broadening in the tubing was negligible, and the injection band width could be 
ascertained. Purified air was used as carrier gas. Using an auto-sampler (HP7673, Agilent, Palo 
Alto, CA), 0.5-µL samples of acetone solutions containing 0.1 mg/mL of the individual marker 
compounds were injected through the GC inlet (4 psi inlet pressure) and a short section of capillary 
into the µF via one branch of the on-chip tee connection using a low flow of air as the carrier gas. 
The 50-ng injection is equivalent to ~7 ppb of the markers in a 1-L air sample, which exceeds the 
expected concentrations to be encountered in practice (tests were performed to confirm that there 
is no breakthrough with such injections).  In a subsequent step, the port on the opposite end of the 
µF chip was manually connected to the GC inlet and the other port was connected to the FID using 
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press-fit connectors, while keeping the tee branch port sealed.  The µF was then heated to the 
desired desorption temperature.  Desorption flow rates were adjusted by varying the GC inlet 
pressure and were measured downstream from the connecting capillary with a bubble meter.  
The maximum µF desorption temperature was adjusted and monitored via a laptop 
computer running a custom LabVIEW program.  Using a 16-bit DAQ card (USB-6218) 36 VDC 
was applied to the integrated heater using pulse-width modulation to adjust the heating rate, and 
then 9 VDC was applied to maintain the final temperature.  Data were collected and processed as 
described above, and the full width at half maximum (fwhm) of each desorbed peak (FID) was 
used to assess performance.   
 
2.2.6. Pretrap construction and testing  
 The initial pre-trap design consisted of a stainless steel tube similar to that used for the 
sampler, but packed with different adsorbent materials (i.e., 5-mg beds of either glass beads or 
C-F).  A test atmosphere of 2,4-DNT was drawn continuously through to the device and aliquots 
collected by gas-tight syringe from a downstream tee connection with a septum-port were injected 
into the GC (ECD) to monitor for breakthrough.   The goal was to assess the extent of retention of 
the least volatile marker.  
 Subsequently, a 37-mm mixed cellulose ester (MCE) particulate filter housed in a styrene 
acrylonitrile cassette (SKC, Eighty-four, PA) was tested as a pre-trap. The cassette was connected 
upstream from the sampler, 1-L samples of a test atmosphere containing 10 ppb of 2,4-DNT were 
drawn at 3 L/min, and the captured mass was put through a normal analytical sequence, including 
separation and FID detection.  Results were compared to those obtained without the pre-trap 




2.2.7. Performance of PCF module 
 To test the transfer efficiency and performance of the assembled PCF module, the setup 
and procedure previously described for the µF capacity test were used with the addition of a 
microcolumn between the µF and FID. The microcolumn chip was 3 × 3 cm and consisted of a 
1-m-long square-spiral channel having a cross section of 150 µm (w) × 240 µm (d) etched in Si and 
an anodically bonded Pyrex cover plate to seal the top. Tapered inlet/outlet ports at opposing edges 
accepted 250-µm i.d fused-silica interconnection capillaries, which were epoxied in place. The 
stationary phase was polydimethylsiloxane (PDMS, 0.15 µm thick), deposited by a static coating 
method described previously [32].  
The sampler was loaded by drawing the sample from the test atmosphere using a pump, 
with the side-port temporarily blocked. Valves were switched and the sampler was heated to 
desorb the vapors with backflushing through the side-port and into the µF. The µF port that was 
downstream during the focusing step was then manually connected to the GC inlet.  Capping the 
tee branch port and connecting the other port to the microcolumn, the µF was heated to desorb the 
vapors with backflushing into the microcolumn and FID. For the transfer efficiency tests, 
individual atmospheres of DMNB and 2,4-DNT at two concentrations each were analyzed five 
times each. Finally, a test atmosphere containing the three markers and 22 interferences was 
connected upstream from the sampler (without pre-trap), and a complete analysis, including 






2.3. Results and discussion 
The primary performance criteria dictating the design and operating parameters of the 
ultimate µGC system into which the PCF module is to be incorporated are the speed of analysis, 
limits of detection (LOD), and the selectivity/reliability of the marker determinations.  The first 
two of these relate directly to the PCF module performance.  With respect to the trade-off between 
sensitivity and analysis time for explosive markers in the vapor phase, there was little guidance 
found in the literature, so we adopted provisional goals of < 2 min per analysis (including 
sampling, focusing, separation and detection) and 1 ng as the LOD for each marker.  Given these 
criteria and preliminary data collected on the sensitivities of the sensors in the chemiresistor (CR) 
array used in the µGC prototype, we then decided on a target sample volume of 1 L.  This, in turn, 
leads to a minimum detectable air concentration of ~0.14 ppb for 2,4-DNT, 2,6-DNT, and DMNB. 
In order to meet the 2-min analysis time criterion, the duration of each mode in the analytical 
sequence was set as follows: 20 sec for sampling, 40-sec for focusing, and 1 min for 
separation/detection.  
Defining the nature and number of interferences was also necessary for developing the 
PCF module because this factor influences the types and amounts of adsorbent materials 
employed.  Two sets of potential interferences were included. The first set (Set 1) consisted of 15 
common indoor VOC air contaminants, chosen because they would also likely be in the 
background of air samples collected at potential security check points.  These VOCs are more 
volatile than the markers and were expected to be removed by selective preconcentration in the 
sampler (and µF) prior to injection.  The second set (Set 2) consisted of C10-C16 n-alkanes, which 
have vapor pressures comparable to those of the explosive marker compounds, and also serve as 
model jet fuel compounds. They were expected to be transferred along with the markers through 
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the entire analytical system and would need to be separated/discriminated from the markers.  
Lower volatility compounds, including TNT, and airborne particulates were expected to be 
trapped in the pre-trap filter.  
 
2.3.1. Sampler optimization 
The sampler required a sufficient quantity of the appropriate adsorbent to capture the 
marker compounds quantitatively at 3 L/min with a breakthrough volume > 1 L in the presence of 
interferences competing for adsorption sites (including water vapor).  At the same time, the 
adsorbent must permit rapid and complete release of the entire mass of captured markers (and Set 
2 interferences) without decomposition upon heating in air. C-B was chosen for use in the sampler 
(and µF), following previous work from our group [42,44] and guidelines from technical reports 
[45] that suggested its suitability for adsorbing and thermally desorbing compounds with vapor 
pressures comparable to those of the markers.  
Samplers packed with either 25 mg or 50 mg of C-B were challenged initially with test 
atmospheres containing 50 ppb of DMNB, at a baseline temperature of 40 °C. Both samplers 
provided more than enough capacity: the 25-mg and 50-mg beds of C-B gave a Vb-10 values of ~12 
L and > 23 L, respectively.  In subsequent tests, the samplers were challenged with test 
atmospheres containing 25 ppb of the three markers (DMNB, 2,6-DNT and 2,4-DNT) and 25 ppb 
each of the 22 interferences listed in Table 2-1. The 50-mg bed of C-B gave a Vb-10 > 23 L (Figure 
2-2), indicating more than enough capacity, while the 25-mg bed of C-B gave a Vb-10 of < 0.5 L, 
indicating insufficient capacity.    
 Desorption profiles were then generated in duplicate with the 50-mg bed of C-B at 
desorption flow rates of 10, 20, 40, and 60 mL/min for each marker compound individually and 
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then as a ternary mixture at marker loadings corresponding to 25 ppb-L. The sampler was heated 
from 40 to 250 °C at 15 °C/sec and maintained at that temperature for 45 sec (note: faster heating 
rates of 22 and 45 °C/sec produced only minor changes in desorption peak width and were not 
pursued further because of the higher power dissipation).  Figure 2-3a summarizes the results. At 
60 mL/min, which was the maximum flow rate achievable with the diaphragm pump with the 
upstream flow resistance presented by the sampler and interconnects, the base peak width of 
2,4-DNT was 32 sec, while those of DMNB and 2,6-DNT were both ~26 sec. At 40 mL/min the 
peak widths increased to 36 sec and ~30 sec, respectively, and at 10 mL/min they increased to 58 
sec and ~48 sec, respectively. The desorption band width of the ternary mixture was identical to 
that of 2,4-DNT at 40 and 60  mL/min and just slightly larger at 10 and 20 mL/min. In light of these 
results and those from initial tests of the µF capacity showing a significant reduction in the 
capacity for DMNB between 40 and 60 mL/min for a continuous challenge (Figure 2-A.1, 
supplemental information), a 40 mL/min sampler desorption flow rate was adopted for subsequent 
experiments.  
 Unfortunately, analyte residues as high as 10% were evident upon a second thermal 
desorption of the mixture of the three markers from the 50 mg C-B sampler bed desorbed at 40 
mL/min. Therefore, a portion of the C-B was replaced with the lower-surface-area C-Y, and a 
tandem bed with 30 mg of C-B and 15 mg of C-Y was tested. The lower surface-area C-Y bed was 
placed last in the flow order during sampling (and first during desorption). The sampler was then 
challenged with a mixture of 10 ppb of each marker and 25 ppb of each interference. Duplicate 
tests with PCF module connected to a short column and ECD detector gave Vb-10 values of ~ 1.5 L 
for DMNB, the sentinel compound, in the mixture. There was ~7% DMNB breakthrough for a 1-L 
sample, indicating that this dual-adsorbent bed should provide sufficient capacity at the lower 
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concentrations expected in actual environments. Note that since an ECD was used, none of the 
interferences were detected and the extent of their retention on the sampler is not known from 
these tests.   
To characterize the dynamics of desorption from the dual-adsorbent bed, a test atmosphere 
containing 10 ppb of each marker and 25 ppb of each interference in Table 2-1 was first drawn 
through the sampler at 3 L/min for 20 sec.  The flow was reversed, the sampler was heated to 250 
°C at 15 °C/sec, and the peak profile was monitored with an FID connected through a vented 
capillary. Figure 2-3a shows the desorbed peak widths as a function of flow rate. In all cases, the 
desorption bands were slightly narrower than those obtained for the mixture of the markers with 
the 50 mg C-B bed (also shown in Figure 2-3a). The fractional carry over determined upon the 
second desorption was low in all cases, ranging from 1.7-1.1% for flow rates of 10-60 mL/min, 
respectively. It is important to note that many of the more volatile interferences will not be present 
in the desorbed sample, and that its composition will be dominated by the marker compounds and 
the Set-2 interferences.   
  Figure 2-3b shows the desorption profile from the dual-bed sampler at 40 mL/min after 
collecting a 1-L sample of the same mixture of markers and interferences. It required 32 sec to 
completely desorbed the mixture. The first of two subsequent clean-air blank runs gave a peak area 
that was only 1.7% of that from the first desorption, and the second gave no detectable peak. This 
corresponds to a desorption efficiency of 98.3%.   
 
2.3.2. Quantitative transfer from sampler to µF  
 Prior to testing the µF in conjunction with the sampler, several experiments were 
performed to determine the proper size of the µF adsorbent cavity and associated mass of C-B, and 
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the effect of flow rate on capacity.  Devices with different cavity volumes and associated 
packed-bed masses of C-B were challenged continuously at room temperature with 100 ppb of 
DMNB. Figure 2-A.1a in the Appendix shows that Vb-10 increased roughly linearly with the bed 
mass, ranging from ~ 50 mL for the 0.5-mg bed (smallest cavity) to 600 mL for the 2-mg bed mass 
(largest cavity).  Figure A.1b (Appendix) shows the effect of flow rate on the largest device, with 
Vb-10 (100 ppb DMNB) decreasing linearly from 600 mL to 150 mL as the flow rate was increased 
from at 10 mL/min to 70 mL/min. On the basis of these results, the larger µF device was selected 
for use in the PCF module.  
Subsequent testing explored the capacity of this µF as a function of flow rate, baseline µF 
temperature, and sampled mass with the device connected downstream from the dual-bed sampler. 
In this case, the mass fraction (Mx/Mo) of the desorbed peak from the sampler was used to quantify 
breakthrough. The µF was placed between sampler and FID inside the GC oven, which was held at 
an elevated temperature to avoid wall adsorption losses in the fused-silica capillary connectors and 
to impart additional selectivity against interfering VOCs. Figure 2-A.2a (Appendix) shows that the 
capacity of the µF at 70 °C did not vary significantly over focusing flow rates of 10-40 mL/min 
when challenged with the mixture of markers and interferences: Mx/Mo values were all in the range 
of 5-7%.  Figure 2-A.2b (Appendix) shows the temperature dependence of the capacity at a 
focusing flow rate of 40 mL/min: the Mx/Mo values were 4, 7, and 26%, for 60, 70, and 80 °C, 
respectively. Although the nature of the compounds breaking through the µF is unknown, it is 
reasonable to assume that most of the interferences in Set 1 are not trapped by the sampler, and that 
the peak consists primarily of the markers and Set-2 interferences. Figure 2-A.2c (Appendix) 
shows that Mx/Mo for the µF was ~9% for mass loadings onto the sampler up to 110 ng (i.e., 15 
ppb⋅L) of each marker (40 mL/min, 70 °C). Thus, focusing for 40 sec at 40 mL/min with the µF 
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held at 70 °C seems to be adequate to transfer the markers from the sampler to the µF with 
acceptably low transfer losses (i.e., < 10%).  
 
2.3.3. µF desorption profile  
The µF desorption profile was then characterized as a function of flow rate and maximum 
desorption temperature (Tmax) using air as the carrier gas and 50-ng spikes of the markers.  Figure 
2-4a shows the full-width-at-half-maximum (FWHM) of the profiles for three markers from 1.2 to 
12.5 mL/min (Tmax = 250 °C) on the basis of individual-marker tests. The 2,4-DNT is affected the 
most, with the FWHM value decreasing from 9.6 to 1.5 sec over this range of flow rates. For 
2,6-DNT, the FWHM reaches a minimum of 1.6 sec at 6.5 mL/min with no further decrease at the 
higher flow rates, and for DMNB the FWHM shows relatively little dependence, decreasing from 
2.1 to 1.4 sec over the full range of flow rates. These results are consistent with those reported by 
Lu et al. [44] and by Whiting et al. [46] and indicate that flow rate has a significant influence on 
desorption dynamics.  However, since the desorption flow rate is also used for separation, the flow 
rate dependence of the latter must be considered.   
A previous study of similar 1-m µcolumns showed that the minimum plate height is 
achieved at ~0.2 mL/min using air as carrier gas and at ~0.8 mL/min using helium [32].
 
As shown 
in Figure 2-4a, desorption flow rates in this range produced peaks with large FWHM values that 
would seriously compromise chromatographic resolution. A trade-off between injection band 
width and chromatographic efficiency was necessary. On the basis of empirical data collected 
separately with the µGC prototype, a flow rate as high as 3 mL/min still permitted reasonable 
resolution of the two primary marker compounds, DMNB and 2,4-DNT, from the Set-2 
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interferences, and yielded relatively low LODs using a sensor array detector. Therefore, this flow 
rate was adopted for system-level testing.   
Figure 2-4b shows the effect of Tmax on FWHM at 3 mL/min.  Both 2,6-DNT and 2,4-DNT 
show a dramatic ~4-fold decrease in FWHM between 175 and 250 °C, with a relatively small 
additional decrease up to 275 °C. DMNB shows a ~2-fold decrease in FWHM up to 250 °C, with 
no further narrowing at 275 °C. Since the improvement was small above 250 °C, and the adhesive 
used to seal the capillary interconnects in the µF inlet/outlet ports has a maximum recommended 
operating temperature of 285 °C, the former was adopted as the maximum µF desorption 
temperature.  The FWHM values for DMNB, 2,6-DNT, and 2,4-DNT were 1.2, 3,5, and 3.8 sec 
(note: on-column focusing was ultimately used to mitigate further the width of the these injection 
bands for the DNT isomers, even at a baseline temperature of 70 °C).   
 
2.3.4. Pre-trap characterization 
Although the markers have relatively low vapor pressures, it is necessary to exclude 
interfering compounds with even lower vapor pressures that might adsorb irreversibly to internal 
surfaces in the flow path or to the sampler adsorbents, or that would require excessively high 
temperatures and long elution times to analyze. In devising a pre-trap for such compounds, a 
primary emphasis was placed on avoiding significant retention of the marker compounds.  This 
factor, then, was used as the basis for screening different approaches to pre-trap design and 
operation. 
Separate tests were performed with 5-mg beds of C-F and glass beads at room temperature 
using 2,4-DNT as the sentinel test marker because it is the least volatile marker. The breakthrough 
curves in Figure 2-A.3 (Appendix) show that 2,4-DNT (10 ppb) is retained at unacceptably high 
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levels; in a 1-L sample volume, the C-F and glass bead pre-traps, retained 92 and 54% of the 
2,4-DNT, respectively.  
As an alternative that recognized that many less-volatile interferences will adsorb to 
particles in the air and to most surfaces at ambient temperature, a mixed-cellulose-ester (MCE) 
membrane (37-mm diameter, 0.8 µm pore size) housed in a polystyrene cassette was tested. The 
cassette was attached upstream from the sampler. Duplicate 10-ppb samples of 2,4-DNT were 
collected on the sampler at 3 L/min with and without the MCE filter installed upstream.  Collected 
samples were then desorbed and analyzed using a 1-m microcolumn and an FID. The reduction in 
the peak area of 2,4-DNT with the MCE filter was only 5 and 8% compared to tests without the 
filter.  Although no interference retention/breakthrough tests were performed, it is reasonable to 
expect that a significant fraction of compounds less volatile that 2,4-DNT, if present, would be 
adsorbed onto particle surfaces and trapped on the MCE membrane.   
 
2.3.5. Performance of hybrid PCF module   
 At this point, 2,6-DNT was removed from the set of markers because it was realized that its 
vapor concentration would be so much lower than those of the other two markers and that it would 
contribute relatively little to the problem of explosive detection. The transfer efficiencies of 
DMNB and 2,4-DNT through the assembled PCF module were evaluated individually at two 
concentrations. A sample drawn by gas-tight syringe from a Tedlar bag saturated with the marker 
was injected slowly into a N2 sample stream being drawn at 3 L/min through the sampler for 20 sec 
at room temperature. The amounts injected, determined by comparison to calibration curves 
generated with solution-phase samples, were 6.4 and 19.2 ng for DMNB, and 1.5 and 3.6 ng for 
2,4-DNT. Assuming a 1-L sample volume, the corresponding concentrations would be 0.9 and 2.6 
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ppb for DMNB, and 0.2 and 0.5 ppb for 2,4-DNT.  Five replicates were analyzed at the low 
concentration and single samples were analyzed at the high concentration of each marker.  With 
the PCF module connected to the 1-m microcolumn and ECD, the recovered peak areas 
corresponded to transfer efficiencies of 86 ±5% and 94 % for DMNB, respectively, and 80±5%  
and 83 % for 2,4-DNT, respectively. For DMNB, the sample loss can be attributed to breakthrough 
during sampling and focusing. For 2,4-DNT, sample loss is more likely due to incomplete 
desorption from the sampler or µF, or to wall adsorption. 
 A preconcentration factor (PF) can be determined for each marker by taking the ratio of 
sample volume (i.e., 1 L) to the volume of the peak generated by the µF and then multiplying by 
the average fractional transfer efficiency [47].  This assumes that the mass contained in the air 
sample and in the injected peak differs only by the transfer losses. For the lower concentration 
samples above, the volume of the peak was estimated as the product of the base peak width and the 
injection/separation flow rate (3 mL/min). Values were 0.2 and 0.45 mL for DMNB (0.9 ppb) and 
2,4-DNT (0.2 ppb), respectively. Using the average transfer efficiency values from above, this 
leads to PF values of ~ 4,500 and ~ 1,800, respectively.   
 Finally, a test mixture was analyzed using the PCF module connected to the 1-m 
microcolumn and FID. A test atmosphere containing 10 ppb each of DMNB and 2,4-DNT, and the 
set of 22 interferences (25-50 ppb each) was drawn through the dual-adsorbent sampler at 3 L/min 
for 20 sec with the sampler held at 40 °C.  The markers and the fraction of the interferences 
retained on the sampler were thermally desorbed with backflushing and transferred to the µF at 40 
mL/min for 40 sec while holding the µF at 70 °C.  The µF was then heated to 250 °C and 
maintained at this temperature for 45 sec as the mixture was backflushed and injected onto the 
µcolumn at 3 mL/min.  
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Figure 2-5a shows the reference chromatogram of the 24 component test mixture obtained 
from injecting 0.5 µL of a dichloromethane solution of the analytes (0.2-2.5 mg/L) onto a 15-m 
PDMS capillary column with FID. Figure 2-5b shows the chromatogram for the same mixture, 
generated with the PCF assembly, connected to a 1-m microcolumn and FID. Peak assignments for 
both traces are based on retention times verified by individual injections of each component in 
solution. The entire mixture elutes in ~ 72 sec and, as expected, compounds less volatile than 
n-decane, as well as 1-hexanol, do not appear in the latter chromatogram (Figure 2-5b) because 
most of them are not retained and transferred to the separation module. In addition, the quantities 
of the C10-C16 alkanes, which were higher than those of the markers in the test atmosphere, appear 
to be lower than expected as reflected in the areas of their peaks in Figure 2-5b.  This suggests that 
they are breaking through the sampler or µF during sampling and focusing.   
The two markers are partially resolved from n-dodecane and n-hexadecane. The values of 
chromatographic resolution, Rs, were determined using Fourier peak deconvolution, and are 0.9 
(DMNB/n-C12), and 0.4 (2,4-DNT/n-C16). Assuming similar resolution was obtained with the CR 
array to be used in the prototype µGC, the degree of separation between DMNB and n-C12 is 
sufficient for determining the marker directly with little error.  For 2,4-DNT and n-C16, 
chemometric analysis of the response patterns from the CR array would be required for the marker 
determination [48].     
 
2.4. Conclusions  
We conclude that the hybrid preconcentrator/focuser module described herein is suitable 
for use in a µGC system for fast determinations of vapors of explosive markers at low 
concentrations using air as the carrier gas. The systematic approach taken to designing and 
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developing the module should be generally applicable.  The masses and types of adsorbents, 
component baseline and maximum temperatures, sampling and desorption flow rates, and heating 
profiles were carefully adjusted to optimize the trapping capacity, desorption efficiency, 
selectivity towards the explosive marker compounds, and transfer efficiency, while minimizing 
the analysis time.   
Selective preconcentration is a critical aspect of module performance because of 
limitations on peak capacity inherent to µGC systems with relatively short separation columns.  
The use of a pair of medium-surface-area adsorbent materials in the sampler permits quantitative 
capture of the marker compounds at a high flow rate (and quantitative desorption), while allowing 
most co-contaminants of higher volatility to pass through unretained.  This avoids crowding in the 
early part of the chromatograms and allows faster temperature programming of separations.   
Rejection of water vapor is also achieved by use of hydrophobic adsorbents of limited surface area.   
Remarkably high preconcentration factors are achievable in a short time period by 
collecting a relatively large air-sample volume at a high flow rate with the macro-scale sampler 
and then focusing the trapped analyte mass into a small injection volume via the micro-scale 
device.  The ability to rapidly heat and efficiently sweep the µF device at the low flow rates 
required for efficient microcolumn separations helps to minimize injection bandwidths.  The net 
preconcentration factors achieved from the 1-L samples collected (in just 20 sec) with the PCF 
module ranged from 1,800−4,500, which should permit sufficiently rapid detection of sub-ppb 
concentrations of the markers to facilitate routine personnel and luggage screening in airport 
facilities. Achieving such levels of preconcentration in such a short time period would not be 
possible using only microfabricated components due to inherent constraints on maximum flow 
rates that can be passed through such devices [49].   
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The µGC prototypes that incorporate the PCF module described here are described in 
Chapter 3 and 4. 
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Table 2-1. Interfering compounds and their corresponding vapor pressures, pv, at 25 °C. 
No.  Compound  pv/kPa
 
No.  Compound  pv/kPa 
1.  benzene 12.6 12.  heptanal  0.31 
2.  n-heptane  6.1 13.  2-methyl-2-hexanol 0.29 
3.  1-propanol  2.8 14.  octanal  0.28 
4.  n-octane 1.5 15.  n-decane
a
 0.19 
5.  hexanal 1.1 16.  1-hexanol  0.14 
6.  m-xylene  1.0 17.  n-undecane  0.055 
7.  2-heptanone 0.63 18.  n-dodecane  0.040 
8.  n-nonane                    0.61 19.  n-tridecane  0.0073 
9.  cumene  0.60 20.  n-tetradecane  0.0016 
10.  2-hexanone  0.51 21.  n-pentadecane  0.0045 
11.  isoamyl alcohol  0.32 22. n-hexadecane  0.00013 
________________________________________________________________________________________________________________ 
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Figure 2-1. (a) Layout showing the key components of the hybrid PCF module and other 
components of the µGC prototype being designed for analysis of vapors of explosive markers; (b) 
photograph of the high-volume sampler wrapped with Cu wire; (c) photograph of the front and 





















Figure 2-2. Breakthrough curves for samplers packed with 25 mg of C-B (diamonds), 50 mg of 
C-B (squares), and 15 mg of C-Y + 30 mg of C-B (triangles) exposed continuously to a test 
atmosphere containing the three marker compounds and the 22 interferences listed in Table 1 (Co = 
10 ppb for markers and 25 ppb for interferences). The sampling flow rate was 3 L/min and the 
sampler temperature was 40 °C. DMNB was used as sentinel breakthrough compound and analysis 














































Figure 2-3.  (a) Thermal desorption peak widths measured at the base as a function of flow rate 
through a sampler packed with 50 mg of C-B for DMNB (unfilled diamonds, 180 ng), 2,6-DNT 
(unfilled squares, 180 ng), 2,4-DNT (unfilled triangles, 180 ng), and the ternary mixture (unfilled 
circles, 180 ng each); and for a mixture of the marker compounds (~ 75 ng each) and a set of 
interferences (filled squares, 35-170 ng each), using the dual-adsorbent sampler packed with 30 
mg of C-B and 15 mg of C-Y (1-L sample volume in all cases); (b) Chromatograms showing the 
thermal desorption profile of a mixture of the marker and those interferences from Table 1 that are 
trapped in the sampler using the dual-adsorbent sampler at 40 mL/min. The post-run analysis 
shows minimum carry over. The dashed line is from the blank run before the analysis. Sampler 
desorption temp.: 250 °C (15 °C/s), detector: FID, carrier gas: purified air. 













































Figure 2-4. µF desorption band widths as a function of (a) flow rate (Tmax = 225 °C); and (b) 
Tmax (flow rate = 3 mL/min). Compounds: DMNB (triangles); 2,6-DNT (squares); 2,4-DNT 
(diamonds). µF initial temperature = 70 °C; mass injected = 50 ng of each compound; carrier gas = 

















































Figure 2-5. (a) Chromatogram of the 24 component mixture (i.e., DMNB, 2,4-DNT and the 
interferences listed in Table 1) using a 15-m PDMS capillary column and FID. Carrier gas: 
Helium, flow rate: 1.0 mL/min, column temp. ramp: 120 °C (initial) for 5 min, 18 °C/min to 180 
°C, hold for 2 min. (b) Chromatogram obtained from a test atmosphere containing the same 24 
compounds with the integrated subsystem: PCF module, 1-m microcolumn, FID.  Compounds 
1-14 (Table 1) passed unretained through the PCF module. Conditions: sampling at 3 L/min for 20 
sec; focusing at 40 mL/min for 40 sec; analysis at 3 mL/min for 75 sec; microcolumn temperature 
program was 70 °C (initial) for 30 sec, 16 °C/s to 150 °C, hold 30 sec.  Carrier gas: purified dry air; 




















Figure 2-A.1. Dependence of the µF breakthrough volume, Vb-10, on (a) the µF cavity volume and 
associated packed-bed mass (C-B adsorbent) at 10 mL/min; and (b) flow rate for the µF packed 



















































Figure 2-A.2. Dependence of µF breakthrough on (a) sampler desorption flow rate; (b) µF baseline 
temperature; and (c) vapor concentration. For these tests, the sampler was pre-loaded with a 1-L 
sample of a test atmosphere containing the three marker compounds (10 ppb each) and 22 
interferences (25 ppb each) and thermally desorbed with backflushing at 250 °C. The entire 
desorbed sample was passed through the µF.  Baseline temperatures of the µF for a) and c) were 70 
























































Figure 2-A.3. Breakthrough volume of 2,4-DNT through pre-traps consisting of a 5-mg bed of 
glass beads (unfilled squares) and a 5-mg bed of C-F (unfilled triangles) at a challenge flow rate of 
3 L/min, showing significant retention of this marker compound.  Challenge concentration = 10 




































A LABORATORY PROTOTYPE MICRO GAS CHROMATOGRAPH FOR 
HIGH-SPEED DETERMINATIONS OF EXPLOSIVE MARKERS COMPOUNDS 
 
3.1. Introduction 
 There is a current need for a field deployable explosives detection system for use in 
the screening of passengers, luggage, cargo containers and other potential targets for terrorist 
activity. Due to the nature of explosive threats, on-site explosive systems must provide a fast 
response, a very low rate of false alarms, and sensitivity and selectivity for adequate identification 
of the explosive material. Several common analytical methods have been tested for analysis of 
explosives, but only few have been successfully deployed for on-site detection [1-3].  The most 
popular techniques that have been adapted for field deployment include ion detection methods, 
mass spectrometry (MS) [4], and ion mobility spectrometry (IMS) [5]. Spectrometric methods, 
including infrared absorption spectroscopy (IR) [6] and Raman scattering [7], and UV/Visible 
methods, including fluorescent polymers [8, 9], have also been used in explosives detection.  
IMS is currently, the most successful method for on-site explosive detection systems [2]. 
Among the features of IMS are the very low limits of detection (LOD, pg level), adequate 
selectivity, and portability. The rate of false positives can be a disadvantage due to ion suppression 
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by co-contaminants [1]; coupling detection with a separation method, such as GC, can greatly 
improve the accuracy and selectivity towards the target analytes [10, 11]. However, despite the 
advantages and commercial success of IMS systems, trained dogs are still the most common 
method to detect traces of explosives [1, 12]. This situation is the result of the main limitation of 
current technologies until recently, the lack of a stand-off detection mode, which requires the 
handling of the potential threat. Stand-off detection can be achieved by several  ways,  including 
the use of imaging techniques that can detect explosive residues at a distance [13] or by analyzing 
the vapor profile of the air surrounding the potential threat, in a similar way to how dogs identify 
the explosives [2, 3].  
Detecting explosives such as TNT, HME, RDX, and C4 in vapor phase, however, is a 
complex challenge due to the very low volatility of these compounds at room temperature that 
often results in low vapor phase concentrations [1]. One approach to the detection of explosives in 
the vapor phase is analyzing explosive markers with higher vapor pressures, such as explosive 
by-products [14, 15] or explosive taggants [16]. The identification of these markers can be used to 
determine the presence of an explosive.  
Another approach is to make use of preconcentration devices. In the last decade, several 
current instrumentation platforms have implemented sampling and preconcentration systems to 
adapt their technology to vapor analysis [1, 17-19], including samplers with different adsorbent 
materials [17, 18], solid-phase-microextraction (SPME) [19], and micropreconcentrators packed 
or coated with adsorbent materials [20-22]. Preconcentration allows the capture of sufficient mass 
to reach detectable limits in air. Despite the significant improvement in vapor-phase detection with 
preconcentration, there are still some limitations, such as prolonged analysis time and lack of 
adequate portability. Thus, there remains the need for a portable instrument that is capable of fast 
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and accurate analysis of explosives in the vapor phase, yet small, simple, and inexpensive enough 
to be used for routine monitoring. To address this situation, the use of a field-deployable gas 
chromatographic microsystem (µGC) suitable for vapor analysis is demonstrated. The advantage 
of using a µGC system is separation capabilities for a proper identification of the analytes, 
relatively low-power requirement, small size, simplicity, and high sensitivity. A typical µGC 
system consists of three essential microfabricated components: a preconcentrator or other injector, 
a separation column, and a detector. Numerous reports have appeared over the past decade on µGC 
components [20-34], subsystems [35-37] and systems [38-46].  
Here we describe the design, development, assembly, and laboratory characterization of a 
fully integrated µGC field prototype, dubbed INTREPID, adapted specifically for determinations 
of explosive markers at very low concentrations in the vapor phase. The description of the main 
components of the µGC and the application-specific variables that determined the design, 
configuration, and operating conditions are provided in the next sections. Results demonstrating 
the performance of the assembled prototype, in terms of analysis time, selectivity and vapor 
recognition, for the analysis of two explosives markers in vapor-phase: 




The explosive markers DMNB, 2,6-DNT, and 2,4-DNT were obtained from Sigma-Aldrich 
(Milwaukee, WI) in > 99 % purity and used as received. Standard solutions of these compounds 
and TNT were obtained from AccuStandard (New Haven, CT) in 1 mg/L concentrations in 
methanol/acetonitrile. Alkanes and other organic compounds used as test compounds or 
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interferences were purchased from Sigma-Aldrich/Fluka or Acros/Fisher (Pittsburgh, PA) in > 
99% purity and were also used as received. The graphitized carbons, Carbopack B, Y, and F (C-B, 
C-Y, C-F, 60/80 mesh, with specific surface areas of 100, 25, and 5 m
2
/g, respectively) were 
obtained from Supelco (Bellefonte, PA).  Samples were sieved and the fractions with nominal 
diameters in the range of 212 – 250 µm were isolated, preconditioned at 350 °C for 6 hours under 
helium, and packed in the appropriate device.  
 Thiolate-monolayer-protected gold nanoparticle (MPN) films derived from the following 
thiolates were used are used as interface layers: octane thiolate (C8), mercapto-6-phenoxyhexane 
(OPH), 4-mercapto-diphenylacetylene (DPA), and methyl 6-mercapto-hexanoate (HME).  
Samples were taken from existing stocks of these materials. 
 
3.2.2 Fluidic/analytical components, subsystems, and full system 
  The layout diagram of the analytical subsystem of the final INTREPID-I lab prototype is 
shown in Figure 3-1a along with photographs of the key analytical/fluidic components. These 
include the high-volume sampler (not micro-fabricated), µfocuser (µF), microcolumn, and 
chemiresistor (CR) array detector that uses nanoparticle interface layers. The high-volume sampler 
simultaneously reduces analysis time and detection limits. It is a stainless-steel tube (6 cm long, 
0.54 cm i.d) with a fine-wire thermocouple and Cu resistive heater coil wrapped around it. It was 
packed with 50 mg of C-B and was tested to show that it has sufficient capacity for quantitative 
trapping of the markers while allowing more-volatile interferences to pass through unretained (see 
Chapter 2; note that this was subsequently replaced with a dual-adsorbent bed of C-B and C-Y 
upon discovery of residual carryover in the C-B-packed sampler).  
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Figure 3-2 shows the three different µF devices tested. The larger µF chip has a 
deep-reactive-ion-etched (DRIE)-Si/glass cavity (3.2 × 3.5 mm) with tapered inlet/outlet, a side 
port for filling with adsorbent, and DRIE-Si pillars (0.15 mm widths and spaces, 0.38 mm height) 
near the inlet and outlet ports for retaining the adsorbent granules. An additional flow channel is 
etched into the chip, forming a tee connection with one of the two main flow channels, to facilitate 
loading and backflushing of the samples. Evaporated Cr/Au heater contacts and a Ti/Pt RTD are 
used for controlled thermal desorption/injection by bulk heating (225 °C in 0.6 sec). The µF is 
packed with a graphitized carbon adsorbent, Carbopack B (C-B, Supelco, Bellefonte, PA) by 
applying gentle suction to the outlet port through the side port at the side of the cavity. After 
packing, the filling port is sealed with Duraseal®. Approximately 2 mg of C-B can be packed into 
the largest µF, as determined gravimetrically.  Devices with smaller cavities were filled similarly. 
Figure 3-3 shows images of several microcolumns. The 1-cm
2
 DRIE-Si/glass microcolumn 
chip has a 1-m-long channel and integrated heaters and temperature sensors for rapid temperature 
programming. The design and fabrication have been described previously. Briefly, rectangular 
channels, 150 × 240 µm are formed by DRIE. Sections of the inlet and outlet ports extending 1 mm 
in from the edge of the chip are expanded to 350 µm × 250 µm by a second etching step to 
accommodate the capillary interconnectors. After etching, a Pyrex glass wafer is anodically 
bonded to the top surface and the microcolumns are then diced from the wafer. Deactivated fused 
silica capillaries were connected to the inlet and outlet ports with epoxy (Hysol Epoxy patch 1C, 
Rocky Hill, CT).  Microcolumns of similar design were created with channel lengths of 25 cm, 50 
cm, and 3 m.  Some preliminary testing was performed with the 25-cm-long microcolumns as part 
of this project. 
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The PDMS stationary phase was deposited and cross-linked in the column using a static 
coating method described previously [29].
 
Briefly, a microcolumn was first filled with a polymeric 
solution of 0.25% (w/v) of PDMS in a 1:1 mixture of n-pentane and dichloromethane. Dicumyl 
peroxide (1% by weight relative to PDMS) was added to the solution as a cross-linking agent. The 
coating solution was added from a reservoir connected to the microcolumn by means of a segment 
of 250 µm i.d. deactivated fused-silica capillary. The reservoir was pressurized with N2 gas to 
force the solution to flow through the column. After filling, the distal capillary was sealed by 
insertion into a silicone-rubber injection-port septum and the microcolumn was placed in a water 
bath at 40 ºC. The proximal capillary was connected to a vacuum pump (Model UN 85.3 KTI, 
KNF, Neuberger, Inc, Trenton, NJ), providing a suction pressure of 20.7 kPa (absolute) to 
evaporate the solvent. To cross-link the wall-coated film, the microcolumns was filled with H2 gas, 
sealed with a septum, heated from 160 to 180 ºC at 0.2 ºC/min, and then held at 180 ºC for 60 min. 
This results in a nominal film thickness of 0.15 µm, calculated from the concentration of the 
polymeric solution. Deactivation (capping) of surface silanol groups on the walls of the channel 
was achieved by passing vapors of hexamethyldisilazane (HMDS) through the column after 
PDMS deposition at 120 ºC for 6 hr.      
The detector is an 8-element chemiresistor (CR) array, having individual interdigital 
electrodes with 24 finger pairs (0.5 mm length; 5 µm widths and spaces). Design and fabrication 
have been previously described [47]. Solutions of the MPNs (~5 mg/mL) were dissolved in 
appropriate solvents and deposited by microliter syringe. Films of each type of MPN were coated 
on two CRs but only one of each was used in this study. Post-coating baseline resistances were in 
the range of 0.5–10 MΩ. The array was capped with a Macor® lid sealed with VHB tape (volume 
~3 µL) and fitted with capillary interconnections.  
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Figure 3-1b shows a top view of the core components of the final INTREPID I lab 
prototype. The assembled prototype has dimensions of 37 (w) × 22 (d) × 20 cm (h) and weighs 4 
kg. The MEMS components are mounted and wire-bonded on separate custom printed circuit 
boards (PCBs) suspended from the (heated) chamber floor by standoffs and interconnected with 
deactivated fused-silica capillaries (0.25-mm i.d.,0.32-mm o.d.) via press-fit connectors. Leads 
from the PCBs are fed through the chamber wall to a wire harness mounted on the underlying 
electronic control board. The 8-L chamber has resistor-embedded polymer-film heaters 
(SRFR-5/5-P, Omega, Stamford, CT) on its walls and it is heated so that the components are 
maintained at 70-80 °C to reduce adsorptive losses on interconnection surfaces and to increase the 
rate of sorption/desorption in the MPN films on the CR array. A double-header diaphragm pump 
(D737B, Parker, Cleveland, OH) is used for sample collection. Scrubbed ambient is used as the 
carrier gas and is drawn through the system via a second mini-diaphragm (analysis) pump (E155, 
Parker, Cleveland, OH) during analysis. A scrubber, packed with charcoal and molecular sieves, is 
connected to the analysis pump to remove VOCs and water vapor. Four solenoid valves 
(NResearch, West Caldwell, NJ) and two latching valves (Lee Co., Westbrook, CT) are used to 
direct flow. Custom electronic control PCBs and DAQ boards are mounted beneath the 
microsystem and connected to the laptop via a USB port.  
The system functions are controlled automatically by a laptop computer running routines written 
in-house in LabVIEW 8.6 (National Instruments, Austin, TX). The instrument proceeds through a 
sequence of three modes: sampling, focusing and analysis.  The flow paths are depicted in Figure 
3-4 for each mode.  In Sample Mode, air is drawn by the sample pump through the sampler at 3 
L/min for 30 sec (1-L target sample volume; ultimately changed to 3 L/min for 20 sec). In Focus 
Mode, vapors collected in the sampler are pushed by the sample pump at 55 mL/min and thermally 
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released at 250 °C to the µF for 60 sec (ultimately changed to 40 mL/min for 40 sec). In Analysis 
Mode, scrubbed ambient air is drawn in by the analysis pump, the µF is heated, and the analytes 
are backflushed at 1.2 mL/min onto the microcolumn for separation and detection by the CR array 
(ultimately increased to 3 mL/min). 
 
3.2.3. Testing 
For most tests, saturated test atmospheres of the marker compounds were prepared in a 3-L 
FlexFilm bag (SKC, Eighty-Four, PA) in N2 and then aliquots were transferred by gas-tight 
syringe to a series of other bags to span a range of concentrations. A bench-scale GC with ECD or 
FID was used to confirm masses injected. For other tests, standard solutions were prepared in a 
volatile solvent and injected manually or by auto-injector through the injection port of a bench 
scale GC (Model 6890, Agilent Technologies, Palo Alto, CA). 
Preliminary µF capacity testing employed test atmospheres of DMNB drawn continuously 
through the µF at different flow rates and bed masses. Aliquots were taken from a downstream tee 
connector and injected into the GC with a short capillary column and an ECD to measure fractional 
breakthrough. In subsequent experiments, the µF was mounted inside the GC oven and connected 
with deactivated capillary to the side-port of the sampler and to the Y-connector leading to an FID. 
The effluent from the µF was monitored at different sampler desorption flow rates, baseline (oven) 




3.2.4. Control hardware and software 
Custom PID algorithms, incorporated into the LabVIEW code, were used in conjunction 
with pulse-width-modulation (PWM) of DC voltages applied to the integrated device heaters for 
controlling the µF and microcolumn temperatures during thermal desorption and 
temperature-programmed separations, respectively. A DC bias of 3 V was applied to each sensor 
from either a power supply or a battery. A suitable amplifier circuit, designed in-house, was used 
to convert the CR resistance change into a DC voltage, which was measured by a USB-interfaced 
DAQ via an in-house written LabVIEW control sub-routine 
Figure 3-5 shows a photograph of the initial µF control/heating setup, including a 
programmable DC power supply and two digital multimeters. The DC power supply applies a 
constant voltage to device for heating, and multimeters measure heater voltage and current to 
calculate the power value. A similar set-up was used for initial testing of microcolumn temperature 
programming control functions. 
 
3.3 Results and Discussion 
3.3.1. Microfocuser test 
 Most of the capacity and thermal desorption µF testing was described in Chapter 2. In this 
chapter, a more in-depth characterization of the µF controller is presented. Figure 3-6 shows µF 
temperature and resistance variations when biased with a DC voltage. Initially, the resistance of 
the integrated heater increased as the Si substrate temperature increased.  When the temperature 
reached 140 
o
C, in this case, the heater resistance began to dramatically decrease from 1.43 kohm 
to 40 ohm as the silicon went “intrinsic” (transition from semiconductor to conductor). Figure 3-7 
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shows the temperature profile of the µF under PID control. Initially, the voltage applied to the 
heater was set at 60 V and the current limit was set at 500 mA. When the µF temperature is higher 
than semiconductor-to-conductor transition temperature, the resistance of the heater decreases 
dramatically, and the DC power supply converts to constant current mode and current was set at 
290 mA. With this method, the temperature of µF rises to 300 °C in 7 sec and can be maintained at 
300 
o
C indefinitely.  Subsequently, the heating rate was increased dramatically so that the device 
could be heated to 225 °C in 0.6 sec (i.e., at 375 °C/s). Figure 3-8 shows the power dissipation 
profile when heating the µF. Before the transition temperature, the power dissipation is < 4 W. 
When the µF temperature rises to the transition temperature, this increases to 15 W but then 
decreases back to 4 W because the programmable DC power supply is switched from constant 
voltage mode to constant current mode. To keep µF at 300 
o
C requires only 2.5 W. 
 
3.3.2 Chemiresistor testing and signal processing options 
Figure 3-9 shows the circuit used to acquire signals from the CR sensors. Through the 
operational amplifier, the circuit is designed to convert the CR resistance value to a voltage and 
then to amplify the difference between voltage signals with and without low pass filter. Figure 
3-10 shows the voltage shift obtained from a C8-coated CR sensor mounted at the outlet of a 5-m 
long commercial capillary column in a bench-scale GC upon injection of 0.01 µL neat-liquid 
n-octane sample with a 100:1 split ratio at a He flow rate of 1 mL/min. The peak height is about 
0.55 V. Compared with the signal without amplifier, the gain of amplifier is about 100. To avoid 
manual tuning before every measurement, an alternate amplification scheme was considered, 
whereby the CR voltage signal from a half-Wheatstone bridge circuit was amplified by an 
instrument amplifier. As above, to create a dynamic reference voltage, the CR voltage signal was 
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connected to a low pass filter. With this circuitry, the ratio of resistance change due to vapor 
exposure to the baseline CR resistance is obtained by: ∆R/R=3*(V2/G)/(2-V1), where G is the gain 
of instrument amplifier. 
To establish an estimate of the sensitivity of the CR sensors to the marker compounds, a 
calibration of the C8-coated CR was performed for 2,6-DNT by serial injection of increasing 
masses of 2,6-DNT.  Figure 3-11 shows that the response is a linear function of injected mass over 
the range tested.  By assuming a sample volume of 1 L, it is possible to convert the injected mass 
into an equivalent air concentration or, more generally, to an equivalent injection volume in units 
of ppb-L.  In anticipation of operating the CR array at elevated temperature, this calibration was 
performed by maintaining the sensor at 70 °C. As shown, it is possible to measure 1 ng and the 
projected limit of detection (LOD) is 0.26 ng, corresponding to 35 parts-per-trillion (ppt) in 1 L. 
This result established that a 1-L sample volume would be sufficient to detect the markers at 
sufficiently low air concentrations with the INTREPID I prototype even when heating the sensors 
to as high as 70 °C. 
 
3.3.3. Microcolumn evaluation and optimization 
 The PDMS-coated microcolumn was evaluated using n-octane (retention factor, k’ = 2.5) 
as the probe vapor at 30 ºC with air as carrier gas. A split-mode injector was used to inject 2.5 µL 
headspace samples with a split ratio of 1000:1. Chromatograms were generated over a range of 
linear velocities by adjusting the inlet pressure. To assess efficiency, values of N (number of 
theoretical plates) were calculated at each linear velocity by the well-known expression, N = 
5.54(tR/W0.5)
2
, where tR is the adjusted (i.e., methane-normalized) retention time and W0.5 is the 
full width at half-maximum (fwhm) of the peak. From these N values, the corresponding values of 
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H (minimal plate height) were calculated. A plot of linear velocity versus H (i.e., a Golay plot) was 
generated and the values of Hmin and the corresponding optimal linear velocity, uopt, were 
determined using a polynomial model. 
Figure 3-12a presents the Golay plot for the 1-m PDMS-coated column with air as carrier 
gas. The N value evaluated at the minimum of the Golay plot is 4400 plates/m. This result 
demonstrates the efficiency of the static coating method to coat DRIE/Si microcolumns (typical 
commercial fused-silica capillary columns generate 4800-5000 plates/m).  The optimal volumetric 
flow rate (F) was 0.2 mL/min under these conditions. Although wall deactivation is not necessary 
for achieving good separations of non-polar compounds, polar compounds such as nitro-aromatics 
interact with the untreated wall surface, leading to significant peak tailing. Treatment with HMDS 
is an effective remedy. As shown in Figure 3-12b, the peak obtained from injecting the same 
quantity of TNT (CS2 solution) into the column after HMDS treatment is ~3 times higher than that 
obtained prior to treatment. The HMDS treatment had no effect on the peak shapes of non-polar 
compounds or on the total number of plates. Figure 3-13 shows results of early tests designed to 
establish conditions for separating 2,4-DNT from n-alkanes that elute in the vicinity of the 
2,4-DNT using 25-cm-long and 1-m-long microcolumns connected to a benchscale GC injector 
and FID. As shown, reasonably good resolution can be obtained with the 25-m microcolumn and 
the separation is completed much more rapidly than with the 1-m microcolumn at the same 
(isothermal) temperature.  Regardless of the column length, partial co-elutions appear to be 
inevitable.  However, by use of pattern recognition methods such as multivariate curve resolution, 
it should be possible to deconvolute such composite peaks and to determine the presence and 
quantity of the 2,4-DNT.  
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The LabVIEW temperature control program repeats the following three steps in sequence: 
(a) calculate the average of 100 temperature readings in 100 ms; (b) calculate the peak-width 
modulation (PWM) amount for heater output using PID algorithm; (c) heat the microcolumn 
controlled by PWM in 256 msec. By iterating these three steps the microcolumn temperature can 
be set to a specified temperature (i.e., isothermal separation) or stepped through a series of 
temperatures (i.e., temperature programmed separation).  
Table 3-1 shows the reliability of the temperature ramped microcolumn using retention 









C/sec to 170 
o
C (30sec), the standard deviations of the retention times were < 0.5 sec 
for all 7 compounds:  CS2, C14, 2,6-DNT, C15, 2,4-DNT, C16, and TNT. Figure 3-14 shows 
chromatograms demonstrating the separation of 2,4-DNT, 2,6-DNT and TNT from C14-C16 
alkanes, used as models of potentially interfering fuel compounds. The analysis was performed at 
160 ºC using a conventional GC oven, and then with the on-board (integrated) heaters and 
temperature sensors controlled by two different temperature control circuits.  The LabVIEW 
controller provided excellent performance. Figure 3-15a shows two sequential linear temperature 
ramps at 30 °C/min and 60 °C/min with three isothermal intervals at 70 °C, 90 °C and 120 °C 
generated by the controller, illustrating the capabilities for precise temperature control of the 
microcolumn. The chromatogram in Figure 3-15b shows a temperature-programmed separation of 
a mixture of 2,4-DNT, 2,6-DNT, TNT and 6 n-alkanes of comparable volatility in < 40s. A 100:1 
split injection of a 0.1-µL sample of the mixture in solution was used. The sharpness, symmetry, 
and resolution of the peaks in the chromatograms shown in Figures 3-15 and 3-16b demonstrate 
the efficiency of the microcolumn, which results from deposition of a uniform stationary phase 




3.3.4. Microcolumn and CR array integration 
 Along with the advantage of using MPN-coated CR-array detector to generate response 
patterns for each target analyte and discriminate one from another, is the challenge of generating 
sharp peaks; the finite dead volume of the detector and the kinetics of reversible sorption into the 
MPN films lead to peak broadening. Figure 3-16 shows the separation of 2-nitrotoluene and 
2,6-DNT from n-tridecane (C13), n-tetradecane (C14) and n-pentadecane (C15), using the 1-m 
microcolumn and a single CR sensor coated with a film of C8-MPN as the detector. The sensor and 
the column were both heated to 100 °C in the GC oven. Although the peaks are rather broad and 
somewhat distorted, the separation is effective and is achieved in ~75 sec. Notably, the MPN films 
are responsive (in air) even at this elevated temperature, although subsequent testing revealed that 
the sensor suffers losses in sensitivity over time at this temperature due to film decomposition. 
 
3.3.5. Preliminary system integration efforts  
Figure 3-17 is the printed circuit layout diagram for the early INTREPID I microfluidic subsystem 
depicted in Figure 3-18.  Additional modifications were made, ultimately, but this illustrates the 
different layers and routings of the printed circuits as well as the locations of all components used.   
Based on this diagram, the PCB was fabricated and populated with all necessary components. 
Figure 3-19 shows the board with the mounted devices. Testing performed with this early 
prototype revealed that the 2-way valves were unreliable that wall adsorption was significant along 
the flow paths, and that it would be necessary to mount each of the key microsystem components 
on separate PCBs to facilitate switching components in and out during the development effort. 
These results led to the conclusion that a different layout would be necessary and that the entire 
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subsystem should be housed in a heated enclosure to avoid adsorptive losses and band broadening 
of the marker compounds, and to enhance the rejection of less volatile interferences in the µF, the 
microcolumn, and the CR array.    
 Figure 3-20 shows a revised layout diagram with the microanalytical subsystem 
components on separate PC boards. This design was used in the final version of the INTREPID I 
prototype (Figure 3-21). One pump is used for sampling and the other for analysis.  The entire 
microanalytical subsystem, as well as the inlet valve, were housed within the mini-oven. 
 
3.3.6. INTREPID I calibration and testing 
Figure 3-22 summarizes the LabView control functions and is presented to emphasize the 
importance of the software development effort in creating a functional semi-autonomous 
laboratory prototype. The current program is specific to the INTREPID I prototype and provides 
control of the microfabricated components, and data acquisition and display of the microsensor 
array output signals.  A separate program was used for valve and pump actuation for INTREPID I. 
Figure 3-23 presents calibration curves (peak height vs. conc.) for the 3 targets generated from the 
INTREPID lab prototype subsystem (µF, 1-m µcolumn, CR-sensor) with samples spiked onto the 
µfocuser and analyzed under near-optimal conditions, keeping the desorption/separation flow rate 
at 1.2 mL/min, and the baseline temperature of the µfocuser and CR sensor at 70 °C, and 1-m 
µcolumn at 110 °C.  The curves are quasi-linear over the concentration ranges tested for all 
sensor-analyte combinations with zero y-axis intercepts. LODs (calculated via 3σ/sensitivity, 
where σ is the standard deviation of the baseline noise), were 5.4, 0.22 and 0.27 ppb for DMNB, 
2,6-DNT, and 2,4-DNT, respectively, on the basis of the most sensitive sensor in the array. These 
correspond to 39, 1.6, and 2.0 ng, respectively, for a 1-L sample volume. LODs are somewhat 
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higher if full response patterns are necessary. 
Table 3-2 presents the vapor pressure, retention time (tR), sensitivity, and LOD for each 
marker. For a given sensor, the relative sensitivities among the markers follow the trend expected 
for sorption-dependent sensors, with sensitivity generally increasing with decreasing vapor 
pressure of the analyte. HME was the most sensitive sensor for 2,6-DNT and 2,4-DNT, consistent 
with the greater dipolarity of the HME ester functional group. Surprisingly, the C8-coated sensor 
had the highest sensitivity toward DMNB. LODs generally decrease with increasing sensitivity 
toward the analyte, but this parameter is also affected by the base line noise level, which differed 
for each sensor. One of the primary advantages of sensor array detection is the use of the response 
patterns to aid in identifying analytes and differentiating analytes that might partially co-elute from 
the separation column. Figure 3-24 shows relative response patterns obtained for the three markers 
and the n-tridecane (C13) interference from the peak heights measured for the individual 
components. Response patterns for 2,4- and 2,6-DNT are quite similar but differentiable, while 
that for DMNB is unique. The pattern for C13 is quite different from those of all of the markers, as 
expected. 
 
3.3.7. Mixture analysis  
 The optimal flow rates for desorption (narrowest injection band), separation (best 
separation efficiency) and sensor response (peak height and peak width) were found to differ, 
requiring a tradeoff in performance. Reconciling flow rates is one of the challenges for effective 
microsystem integration. For example, the optimal flow rate for chromatographic efficiency is 0.2 
mL/min, and this flow rate also yields large responses from the sensor array. However, this flow 
rate leads to very broad injection bands from the µF and also to broader peaks in the detector, both 
85 
 
of which degrade resolution. Tests performed over a range of flow rates from 0.2-2 mL/min 
showed that 1.2 mL/min provided the best compromise among these factors.  Subsequent testing 
led to the decision to increase the analytical flow rate to 3 mL/min (see Chapter 2).  
Figure 3-25 shows the chromatograms of a mixture of DMNB, 2,6-DNT, 2,4-DNT, and 
C13 obtained with the full microsystem for spiked samples of 50-75 ~ng quantities of each target 
in a mixture with C13, which served as a representative fuel interference. The values of 
chromatographic resolution are 1.5 (DMNB/C13), 1.9 (C13/2,6-DNT) and 0.82 
(2,6-DNT/2,4-DNT), and the separation is complete in 120 sec (90 sec for last analyte peak 
maximum to elute) despite the rather broad peaks for the DNT isomers. This degree of separation 
is sufficient for determining the markers, particularly when the response pattern data is considered. 
Thus, the overall analysis, considering also the sampling and focusing time, requires 3.5 min. In 
order to demonstrate retention-time stability, two sensor arrays coated with all four MPN films 
were tested under the same conditions: oven temperature set at 80 °C, column temperature 
isothermal at 110 °C, and inlet pressure set at 1.4 psi.  Figure 3-26 shows the results demonstrating 
that retention times are highly reproducible. 
 
3.3.8. Redesign electronics board with reduced baseline noise/drift  
 In the course of these tests of the INTREPID I prototype,  a flaw in the amplification 
method employed was discovered, which resulted in some sensor channels being unusable due to a 
large sinusoidal drift pattern that swamps out the sensor reading. We determined that this is due to 
the use of a single-stage amplifier that does not filter extraneous noise.  Resolving this problem 
was relatively straightforward, requiring a board redesign with an alternate approach to sensor 
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amplification.  This issue, as well as a mean for adjusting the dynamic range of each sensor readout 
circuit, was addressed in the revisions made for the INTREPID II prototype. 
Prior to designing the new electronics boards for the improvement of baseline stability and 
dynamic range, additional testing of the INTREPID boards was performed to analyze better the 
sinusoidal drift pattern and to track down the source of this noise. We found that the source was in 
fact a 60 Hz signal that was easily coupled from the power lines to the front-end of the sensors 
circuit, mainly due to the high impedance of the sensors transmission lines. However, since the 
frequency of the noise was found too close to the sensors response bandwidth, we thought that the 
introduction of an additional analog filtering stage could lead to a modification in the sensors 
response measured by the circuit. Thus, instead of modifying the sensor amplification circuit we 
decided to address the issue by eliminating the noise from the source by the following means: 
providing a good connection between signal ground and earth ground to reduce inductive and 
capacitive coupling, powering the sensors with 60Hz-noise-free batteries, entirely shielding the 
sensors and sensors transmission lines, and finally isolating the signal ground from the rest of the 
electronic circuit grounds. 
We also further improved the baseline stability, and consequently the dynamic range of the 
circuit, by modifying certain parameters in the amplification circuits. Since the largest 
contribution to the baseline noise is localized before the amplification stage, by decreasing the gain 
of the amplifier stages the high resolution of the digital acquisition board can be exploited. 
Furthermore, by making the gain setting resistors interchangeable, we will be able to maximize 
signal strength for each channel independently and according to the amplification requirements of 
each sensor. Another issue that impacted the limits of detection of the sensors is the voltage output 
dependence on sensor baseline resistance. According to the transfer function of the amplifier 
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circuits, we estimate that shifts in the sensor baseline resistances were leading to a decrease in 
sensitivity of up to 3 fold. We found, however, that we could maximize this sensitivity by 
matching the reference resistors with the sensors baseline resistance. For this purpose a set of 
resistor sockets was added to the circuit board for manual replacement of the reference resistor 
during instrument calibration. 
 Review of the previous circuitry and components used indicated that some components 
used needed to be upgraded to more “robust” types (tighter tolerances, etc.). All components in 
question were upgraded in the INTREPID II prototype. A circuit board for conditioning and 
amplification of sensor signals was developed in light of the findings described immediately 
above, as well as the size constraints of the INTREPID II prototype. The signal conditioning stage 
was tested and debugged using fixed resistors for simulating sensor impedances. With the present 
circuit configuration a baseline noise of +/- 14 mV was measured on the amplified signal over a 
time window of 2.5 minutes. In the case of the buffered signals, a baseline noise of +/- 0.5 mV was 
achieved (see Figure 3-27).   
As an additional component part of the development of the electronics circuits of 
INTREPID II system, the circuit board that controls the fluidic components of the system was 
redesigned to meet the new power and voltage requirements of pumps, valves and heaters used in 
the new system. More I/O lines were added for monitoring and controlling the temperature of the 
oven.  To achieve the requirements of sampler heating rate, the applied voltage pulse to the 
sampler was increased and a second voltage regulator was added for stabilization of the sampler 
temperature at steady state. Voltage regulators and relays with higher current capacity were 
chosen, however after testing of the control board, it was found that one of the regulators was 
suffering of overheating. To solve this problem, the voltage regulator was replaced with one of 
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higher efficiency and thus capable of handling the required power. Test and debug on the circuit 
boards were completed for the following functions: Pumps and valves control; µF temperature 
control and monitoring, including initial temperature function; µcolumn temperature control and 
monitoring; CR sensors environmental temperature monitoring; CR sensor data acquisition using 
fixed resistors; Sampler temperature monitoring. 
 
3.4. Conclusions 
 In summary, a functional µGC laboratory prototype, INTREPID I, has been assembled 
and tested that consists of the fluidic/analytical and electronic hardware subsystems, software for 
controlling the key components of the system and acquiring data from the sensor array, and data 
management approaches for identifying and quantifying the target analytes and differentiating 
them from typical interferences. This is the first demonstration of a fully integrated µGC lab 
prototype for rapid determinations of explosive markers. Results show that the explosive marker 
compounds DMNB, 2,6-DNT and 2,4-DNT can be captured, focused, injected, separated, and 
detected at concentrations in the low- or sub-ppb range with a 1-L air sample in less than 3.5 
minutes. Relative response patterns obtained with the MPN-coated CR array detector are unique 
for target vapors and can be used with chromatographic retention time to improve the reliability of 
marker determinations. This MEMS-based microsystem is a step forward in the development of 
small, inexpensive, instrumentation for homeland security applications.  
 These promising results are being used to guide several design modifications to be 
incorporated in the next-generation system, INTREPID II. The sampling time is being reduced by 
operation at a higher sampling flow rate. The time required for focusing is also being reduced 
similarly. Reductions in the injection bandwidth, use of on-column focusing, and high-speed 
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temperature programming are being implemented to improve chromatographic resolution, which 
will reduce elution time. Use of localized heating mechanisms will reduce the footprint and power 
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Table 3-1. Average and standard deviation of the retention time  (min, n = 5) for 7 test compounds 
with the 1-m microcolumn using on-board heaters and temperature sensors (temp. program given 

































 CS2 C14 2,6-DNT C15 2,4-DNT C16 TNT 
1
st
 0.1302 0.2583 0.288 0.3110 0.342 0.377 0.5029 
2
nd
 0.1305 0.2597 0.288 0.3107 0.3401 0.3745 0.496 
3
rd
 0.142 0.2667 0.2964 0.3195 0.3482 0.3892 0.50305 
4
th
 0.1392 0.2561 0.2855 0.3114 0.3397 0.3756 0.4943 
5
th
 0.1422 0.2642 0.2945 0.3139 0.3458 0.3794 0.5157 
Avg. 0.13682 0.261 0.29048 0.3133 0.34316 0.37914 0.50239 

















































Table 3-2. INTREPID I response data for the marker compounds. 
Vapor pv (mtorr) tR (s) Sensitivity (LOD)
a
 
   C8 DPA OPH HME 
DMNB 2.1 15 12 (39) 6 (47) 11 (43) 7 (52) 
2,6-DNT 0.96 60 19 (10) 17 (16) 33 (13) 80 (1.5) 
2,4-DNT 0.48 90 19 (8.0) 18 (19) 45 (12) 106 (2.0) 
a
 sensitivities measured as peak height are in units of mV/ng and LODs are in ng 
b
 conditions: µF Tmax = 225 °C; sensor array temperature: 70 °C; flow rate: 1.2 mL/min, 
microcolumn temperature 110°C. Data generated with sensor array integrated with µF 

















































Figure 3-1. (a) Layout of the INTREPID analytical subsystem, showing photographs of  
the sampler, µfocuser, 1-m µcolumn, and µsensor array; (b) top view of INTREPID 
prototype micro-analytical subsystem, and side view of electronic data acquisition, 





































Figure 3-2. (left) DRIE-Si µF devices of three different sizes on a U. S. quarter.  The 
devices all have etched channels for fluidic interconnections and etched cavities with 
pillars near the inlets and outlets that retain the C-B adsorbent particles.  Contacts for bulk 
heating are on the backside. The largest device (lower right) was used in the INTREPID I 
































Figure 3-3. Images of several Si/Pyrex microcolumns and a U. S. quarter.  The SEM 








































































































Figure 3-4. Layout diagram of the INTREPID I lab prototype, showing the flow 


















































Figure 3-5. Photograph of the initial µF heating test setup, including programmable 









































Figure 3-6. The relationship between µF heater resistance and temperature. 


















































Figure 3-7. The temperature of the µF rises to 300 
o
C in 7 sec and is maintained at 
300 
o
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Figure 3-8. The power dissipation of the µF heater when heating from room 
temperature to 300 
o



















































Figure 3-9. The amplifier circuit for chemiresistor signal processing. The 
operational amplifier converts the CR resistance value to a voltage and amplifies the 

















































Figure 3-10. The voltage shift for an injected sample of n-octane detected by 


































Figure 3-11. Calibration of C8-coated CR sensor response to 2,6-DNT with the 
sensor connected to a capillary column in a benchscale GC.  Sensor was 
maintained at 70 °C. 
Concentration (ppb-L)
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Figure 3-12. (a) Golay plot (n-octane, 30 °C, k = 2.5) for the 1-m 
PMDS-coated µcolumn using air as carrier gas, (b) Increase in peak 
height of TNT (in CS2) after treatment of the µcolumn with HMDS 
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Figure 3-13. Chromatograms from 0.25-m and 1-m microfabricated columns 
(PDMS stationary phase) of mixture of 2,4-DNT and several n-alkanes 
illustrating good peak shapes and co-elution of 2,4-DNT with n-C15 alkane. 























Figure 3-14. Chromatograms of a mixture containing  1. carbon disulfide, 2. 
n-tetradecane, 3. 2,6-dinitrotoluene, 4. n-pentadecane, 5. 2,4-dinitrotoluene, 6. 
n-hexadecane, 7. 2,4,6-trinitrotoluene. Chromatograms were obtained using (a) GC 

















































































Figure 3-15. (a) Representative microcolumn temperature program obtained 
with system controller and integrated heaters/sensors; (b) 40-s temperature 
programmed separation of targets and interferences. Conditions: 120 ºC 
(initial), 4 ºC/s to 140 ºC, 1 ºC/s to 160 ºC,  4 ºC/s to 180 ºC (30 sec); 100:1 split 
injection; 3.0 mL/min; air carrier gas; FID. Compounds: 1, CS2; 2, n-tridecane; 
3, n-tetradecane; 4, 2,6-dinitrotoluene; 5, n-pentadecane; 6, 2,4-dinitrotoluene; 






























































Figure 3-16. Chromatogram obtained using a 1-m 
PDMS-coated microcolumn and a CR sensor coated with a 
film of n-octane-thiolate MPN (C8). Conditions:  100 °C 
(oven), 0.1 µL 100:1 split injection; 0.2 mL/min; air 
carrier gas; C8-MPN coated CR sensor. Vapors: 1, toluene 
(solvent); 2, 2-nitrotoluene; 3, n-tridecane; 4, 

















































Figure 3-17. The PCB layout of the initial INTREPID microsystem. All 
electronic connections are routed to a 30-pin connection socket (1). The key 
components are a micro-focuser (2), micro-tee-connection (3), a 1-m long 
micro-column (4), heated inter-connection (5),  chemiresistor sensor array (6), 



























































Figure 3-19. The PCB board for the INTREPID system with 
board-mounted components: preconcentrator-focuser, gas 
separation column, chemiresistor sensor array, and MEMS 

































































Figure 3-21. INTREPID I lab prototype: (top) microsystem components 




















































































































































































2,4-DNT C8 =  ◊
DPA = □
OPH = ∆  
HME = ○
Figure 3-23. Calibration curves using CR-array µGC detector 
for (a) 2,6-DNT, (b) 2,4-DNT, (c) DMNB and (d) n-C13. Note, 
data at lower injection masses were quite variable and were 


















































































Figure 3-24. Relative response patterns using CR-array µGC detector for 
(a) 2,6-DNT, (b) 2,4-DNT, (c) DMNB and (d) n-C13. Each pattern was 
derived from the slopes of the calibration curves presented in Figure 




























































Figure 3-25. Full analysis of the three target explosive  marker 
compounds and C13 interference with the INTREPID I lab  prototype; 
the sampler was spiked with a mixture of the analytes in a 1-L air 

































Figure 3-26. Responses from two different CR arrays used as the detectors 
in the INTREPID I prototype. Data demonstrate highly reproducible 





























































A MICRO GAS CHROMATOGRAPH FOR HIGH-SPEED  
DETERMINATIONS OF EXPLOSIVE MARKERS-FIELD PROTOTYPE/INTREPID-II 
 
 
4.1. Introduction  
Building directly on the work performed for Chapter 3 on the INTREPID I lab prototype, 
here we describe the design, development, assembly, and laboratory characterization of the 
INTREPID II µGC field prototype.  We continue to focus on determinations of the following 
markers of 2,4,6-trinitrotoluene (TNT) at very low concentrations in the gas phase: 
2,3-dimethyl,2,3-dinitrobutane (DMNB), 2,6-dinitrotoluene (2,6-DNT) and 2,4-dinitrotoluene 
(2,4-DNT).  As mentioned earlier, these semi-volatile marker compounds are considered vapor 
signatures of military-grade TNT, the vapor pressure, pv, of which was considered too low to 
analyze with this prototype (pv = 6.71 ×10
-6
 torr). The 2,6- and 2,4-DNT isomers are 
manufacturing impurities of TNT with pv values of  9 × 10
-4
 torr and 4 × 10
-4
 torr, respectively.  
DMNB (pv = 2 × 10
-3
 torr) has been designated by the ICAO as an explosive taggant [1]. The 
2,6-DNT isomer accounts for < 4% of the equilibrium vapor mass in the headspace of TNT, 
whereas 2,4-DNT accounts for 35%, and other TNT and DNT isomers account for < 2%. These 
vapor concentrations indicate that 2,4-DNT will always be present in a higher concentration than 
2,6-DNT, making it a more suitable marker [2, 3]. Therefore, although work with 2,6-DNT is 
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presented here, this marker was eliminated from consideration eventually due to its low 
concentration and marginal utility as a marker for TNT. 
The main components of the µGC and the application-specific variables that dictated the 
component and system designs, configurations, and operating conditions are summarized in the 
next section. Brief descriptions of all system components are then provided along with the text 
methods employed for this study.  Then results of component-level and subsystem-level tests are 
presented, and finally results obtained with the assembled prototype.   
 
4.1.1. Analytical subsystem design and operating conditions 
 Figure 4-1 shows a block diagram of the primary analytical components and fluidic 
pathways of INTREPID II. The hybrid preconcentrator/focuser (PCF) module consists of a 
polymer membrane particulate filter that serves as a pre-trap, a conventional stainless-steel tube 
packed with a granular adsorbent that serves as a high-volume sampler, and a 0.41 cm
2
 Si/Pyrex 
microfocuser (µF) chip with an integrated heater and temperature sensor and an etched cavity 
packed with a granular adsorbent that serves as a focuser/injector.  A 3.2 cm
2
 Si/Pyrex chip with a 
1-m long spiral etched channel, integrated heaters and temperature sensors, and a wall coated 
stationary phase serves as the chromatographic separation microcolumn.  The chemiresistor (CR) 
array detector chip has a set of eight interdigital metal electrodes coated with an assortment of four 
different thiolate monolayer-protected gold nanoparticle (MPN) interface layers and is capped 
with a Macor® lid. A set of 6 solenoid-actuated two-way or three-way valves was used to direct 
airflow provided by one of two mini-diaphragm pumps. Scrubbers were used to clean the ambient 
air carrier gas used for focusing and analysis.  Not shown in the diagram is the stainless-steel 
manifold on which all valves were mounted and through which all flow streams were directed.  
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The instrument has three operational modes that are executed automatically in sequence. 
First, the sampling mini-pump (pump 1) draws an air sample through the pre-trap and 
manifold-mounted sampler. Next, by actuating the appropriate valves, the sampling pump draws 
scrubbed ambient air in the opposite direction through the sampler as it is resistively heated to 
desorb and transfer the captured vapors to the µF. Third, after another set of valve actuations a 
second mini-pump (analysis pump) draws scrubbed air in and pushes it through the µF as it is 
heated rapidly to backflush and inject the focused vapor mixture into the 1-m µcolumn for 
chromatographic separation and detection by the MPN-coated CR array. The combination of 
selective preconcentration, chromatographic separation, and CR-array response patterns is used to 
provide rapid determinations of the targeted explosive marker compounds at low concentrations in 
the presence of interfering volatile and semi-volatile organic compounds (S/VOC).   
In operation, the pre-trap should capture and retain particles and low-vapor-pressure 
particle-adsorbed interferences, while allowing the marker compounds to pass unretained.  The 
sampler should capture the marker compounds and interferences with similar vapor pressures 
quantitatively at a flow rate as high as a few L/min, and desorb the markers with high efficiency. 
The µF must have sufficient capacity to capture the bolus of vapors transferred from the sampler 
but also be heated and swept rapidly to provide relatively sharp injection bands. By operating the 
sampler and µF at elevated baseline temperatures and carefully adjusting the flow rates during 
sampling and focusing, most compounds more volatile than DMNB (the most volatile marker) 
should pass through unretained, which reduces the number of compounds reaching the 
microcolumn (see Chapter 2). The 1-m microcolumn is long enough to provide sufficient peak 
capacity, but short enough to permit separations to be completed in ~ tens of seconds.  
Temperature programming with the on-board microcolumn heaters facilitates high-speed 
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separations.  The thiolates in the MPN films are intended to impart partially selective responses to 
all eluting vapors, such that the collective response pattern from the array differs among the 
markers and interferences. This, then, should enhance the reliability of the marker determinations.    
The performance criteria dictating the design and operating conditions of the INTREPID II 
µGC prototype are the speed of analysis, limits of detection (LOD), and the selectivity/reliability 
of the marker determinations.  A trade-off must be made between the achievable LODs and the 
analysis time.  We found no official guidance in the literature on these criteria for explosive marker 
determinations at airport security checkpoints, so we adopted provisional goals of ≤ 2 min per 
analysis (including sampling, focusing, injection, separation and detection) and 1 ng as the LOD 
for each marker.  Given these criteria and preliminary data collected on the sensitivities of the 
sensors in the CR array as GC detectors for the marker compounds, we then decided on a target 
sample volume of 1 L.  This translates to an LOD ~0.14 ppb for 2,4-DNT, 2,6-DNT, and DMNB 
vapor. In order to meet the 2-min analysis time criterion, the provisional duration of each mode in 




4.2.1. Materials  
DMNB, 2,6-DNT and 2,4-DNT were purchased from Sigma-Aldrich (Milwaukee, WI) in 
99% purity and were used as received. Standard solutions of the marker compounds in 
acetonitrile/methanol (1 mg/mL) were purchased from AccuStandard (New Haven, CT). All other 
S/VOCs were purchased from Sigma-Aldrich or Fisher Scientific (Pittsburgh, PA) in 99% purity 
and used as received. The graphitized carbons, Carbopack B (C-B, 60/80 mesh, specific surface 
area = 100 m
2





purchased from Supelco (Bellefonte, PA). Polydimethylsiloxane (PDMS) was obtained from Ohio 
Valley Specialty Chemicals (OV-1, Marietta, OH), and the surface pretreatment agent Rejuv-8
®
 
was obtained from Sigma-Aldrich. MPNs derived from the following thiols were synthesized by 
the method reported by Rowe et. al. [4]: n-octanethiol (C8), 6-phenoxyhexane-1-thiol (OPH), 
4-(phenylethynyl)-benzenethiol (DPA), and methyl-6-mercaptohexanonate (HME). The MPNs 
had core diameters in the range of 3.4 – 4.7 nm.  
 
4.2.2. Primary analytical components  
The PCF module components (i.e., pre-trap, sampler, and µF) have been described 
previously (see Chapter 2) [5]. Briefly, the sampler was constructed from a 6-cm long, 0.25-inch 
i.d. thin-walled stainless-steel tube with a 6-cm long, 0.0625 i.d. side-port tube located about 2 cm 
from one end. Either a single bed of 50 mg of C-B or a tandem bed of 35 mg of C-B and 15 mg of 
C-Y was used in the sampler. Fractions of these adsorbent materials with nominal diameters in the 
range of 212-250 µm were sieved and isolated, preconditioned at 300 °C for 6-h under helium, and 
packed in the sampler. A Cu resistive heater coil and a fine-wire thermocouple (Omega, Stamford, 
CT) were used for heating to 250 °C at 15 °C/s during thermal desorption. The capacity of the 
sampler, with either adsorbent bed, was determined to be sufficient in prior testing (see Chapter 2), 
assuming a baseline temperature as high as 40 °C.     
The 0.41 cm
2
 µF chip contains a deep-reactive-ion-etched (DRIE) Si cavity with a Pyrex 
cap, tapered inlet/outlet, a side port for filling with adsorbent and DRIE-Si pillars (0.15 mm widths 
and spaces, 0.38 mm height) near the inlet and outlet ports for retaining the adsorbent granules. An 
additional flow channel in the chip forms a tee connection with one of the two main flow channels 
to facilitate loading and backflushing of the sample. All three fluidic ports on the µF chip have 
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expansion sections that accept 250 µm i.d. fused-silica capillaries used for interconnections. The 
device is resistively heated with Cr/Au contacts and a Ti/Pt resistive temperature device (RTD) 
patterned near the contacts to control thermal desorption/injection temperatures. The device is 
sealed with an anodically bonded Pyrex plate (0.1 mm thick). Deactivated fused-silica capillary 
tubing was inserted into the three fluidic ports and secured with high temperature silicone adhesive 
(Duraseal® 1531, Cotronics, Brooklyn, NY). Electrical connections to a custom printed circuit 
board (PCB) were made using gold wire-bonds and gold pads.  The µF was packed with the 
adsorbent by applying gentle suction at the outlet port through the fill port at the side of the 
cavities. After packing, the filling port was sealed with Duraseal®. Approximately 2 mg of 
(sieved) C-B was packed in the µF, as determined gravimetrically. The inlet capillary of the µF 
was connected to the side-port tube of the sampler by means of a 0.16 cm i.d. stainless steel union 
(Valco, Houston, TX) also wrapped with a Cu wire coil.  The µF was heated from its baseline 
temperature of 70 ºC to 250 °C at 375 ºC/s during injection, maintained at that temperature for 60 
sec, and then allowed to cool.  This was sufficient to desorb the target analytes completely.  
 The 1-m microcolumn chip has 1.8 × 1.8 cm
2
 footprint and consists of a convolved square 
spiral DRIE-Si channel 150 µm (w) × 240 µm (h) capped with an anodically bonded Pyrex cover 
plate. The fabrication and characterization of the microcolumn has been described previously [6, 
7]. Two meander-line Cr/Au heaters and a Ti/Pt RTD were evaporated onto the backside of the 
microcolumns and are used for programmed heating during separations. The inlet and outlet ports 
were expanded to 350 × 250 µm to accommodate capillary interconnections. Deactivated fused 
silica capillaries (0.25 mm i.d) were connected to these ports with epoxy (Hysol Epoxy Patch 1C, 
Rocky Hill, CT). The interior walls of the microchannels (and roughly 2 cm of the connecting 
capillaries) were coated with a 0.15 µm thick cross-linked film of OV-1  from a 1:1 
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n-pentane:dichloromethane solution (0.5% w/v PDMS, 0.005% w/v dicumyl peroxide), using a 
static coating and thermal cross-linking method described previously [6]. The microcolumn was 
subsequently post-treated with Rejuv-8 to reduce surface activity. The maximum number of 
theoretical plates (N) produced by the coated microcolumn was 4600 plates/m (n-octane, 30 °C, k 
= 2.5) at 12 cm/s (uopt) using air as carrier gas, which corresponds to a 0.2 mL/min volumetric flow 
rate [7].  The microcolumn was inverted (Pyrex side down) and mounted on a custom (PCB) with 
a hole cut out beneath the device, and then the heaters and temperature sensor were wirebonded to 
pads on the PCB.  
 The CR array used in this prototype has been previously described [8-10], and was 
characterized in work discussed in Chapter 3. The array chip has dimensions of ~2 × 1.2 cm.  Each 
of the 8 interdigital electrodes has 24 Au/Cr finger pairs (5 µm widths/spaces, 450 µm length, 410 
µm overlap), and a gold bonding pad for electrical inter-connections. Solutions of the MPNs (~ 5 
mg/mL) were dissolved in an appropriate solvent (toluene for C8, DPA, OPH and 
dichloromethane for HME) and deposited individually by microliter syringe to create multilayer 
films with baseline resistances within the range of 1-10 MΩ (Note: thickness was not determined). 
Two sensors were coated with each type of MPN. The array was capped with a Macor™ lid with 
inlet/outlets ports, and sealed with a gasket of VHB tape (3M, St. Paul, MN) to create a detector 
cell volume of 1.6 µL (0.3 (w) × 0.4 (l) × 0.013 cm (h)). Deactivated fused-silica capillaries were 
sealed into the ports with Hysol epoxy.  The CR array is inserted into a header socket on a custom 




4.2.3. Test-atmosphere generation  
Saturated test atmospheres of the marker compounds were prepared by adding small 
quantities of the solids to septum-sealed round-bottom flasks subsequently purged briefly with 
extra-dry N2. Aliquots were then taken by gas-tight syringe and injected into a tee-connector with 
a septum port and a dilution line connected to the inlet of INTREPID. A separate flask was 
prepared with saturated test atmospheres of a mixture of several VOCs that represent potential 
interferences. Mixture chromatograms were obtained by injection of the appropriate volume of 
headspace from each of the flasks. A bench-scale GC with ECD detector (Model HP6890, Agilent 
Technologies, Palo Alto, Ca), previously calibrated with standards of the marker compounds, was 
used to confirm vapor concentrations. All tests atmospheres were used at ambient temperature.  
 
4.3. Results and Discussion 
 
The performance of the fully integrated system relies on reconciling the differences in 
optimal flow rates and temperatures of the component devices as well as the inherent limitations of 
each device. Although considerable work has been devoted to characterizing the performance of 
the system components, there integration gives rise to additional challenges.  Having established 
the target LOD, set of interferences, and time of analysis, it remained to confirm the performance 
of the components, assemble the components into subsystems and then into the full system, 
reconcile the tradeoffs associated with system integration, and demonstrate automated operation.   
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4.3.1.  Microcolumn characterization  
The PCB-mounted microcolumn was placed inside the oven of the GC and connected to 
the injection port and FID with deactivated capillaries. The oven was maintained at 70 °C and the 
microcolumn was heated to 120 °C (isothermal) using the integrated heaters. A solution containing 
all three marker compounds (0.25 mg/mL in acetone) was injected by auto-sampler (0.1 µL, 
1000:1 split ratio, injector temperature = 225 ºC) at each of six different flow rates ranging from 
0.2 to 5 mL/min. At 0.2 mL/min, which corresponds to the Golay minimum for this microcolumn 
[7], the separation requires 4 min and there is a significant amount of unused space in the 
chromatogram. Increasing the flow rate to 5 mL/min reduces the elution time to about 70 sec and 
the markers are still fully resolved, but the full-width-at-half-maximum (fwhm) values are still 
quite large: 1.2, 9 and 14 sec for DMNB, 2,6-DNT and 2,4-DNT, respectively (N = 400 plates/m at 
this flow rate), warranting the use of temperature programming.  
After a series of exploratory experiments, conditions were established to permit the 
separation of the three markers and four n-alkanes of similar volatility (n-C13 to n-C16) in just 22 
sec, as shown in Figure 4-2. This represents the best separation possible in the shortest period of 
time.  The Rs values, defined as 2(tR2 - tR1)/[w1 + w2 ], where tR2 and tR1 are the retention times of 
two compounds, and w1 and w2 are the base peak width of the compounds, for the critical 
marker-alkane pairs are 1.5, 1.3, and 0.8 for DMNB/C13, 2,6-DNT/C14, and 2,4-DNT/C15, 
respectively. The corresponding fwhm values for the markers are 1, 1.5, and 2.5 s, respectively. 
Thus, excellent chromatographic separation can be obtained at high speed using the 1-m 
microcolumn with on-board heaters and temperature sensors in air in the absence of significant 





4.3.2. Microfocuser and microcolumn integration 
In Chapter 2, we reported that fwhm values of the injection bands generated by desorption 
from µF directly to an ECD at 3 mL/min were 1.3, 3.5, and 5.7 sec for DMNB, 2,6-DNT and 
2,4-DNT, respectively. During initial attempts to use the µF as injector, the µF and microcolumn 
were connected via deactivated capillary and mounted inside the GC oven at 70 °C. The µF was 
connected to the GC injection port (225 °C, splitless) and the microcolumn outlet was connected to 
the ECD.  Purified air was used as carrier gas.  By temporarily blocking the flow through the 
column, 0.5 µL of an acetone solution of the explosive markers (0.25 mg/mL for DMNB and 
2,6-DNT, and 0.75 mg/mL for 2,4-DNT) was injected by syringe and passed via the on-chip 
tee-branch through the µF adsorbent bed to mimic desorption from the sampler. The outlet port of 
the µF was vented and the acetone was not retained on the adsorbent.  Then, the tee-branch inlet to 
the µF was disconnected from the injection port and blocked with a septum, the outlet of the µF 
was connected to the GC injection port, the microcolumn outlet was re-connected to the ECD, and 
the flow rate was adjusted to 3 mL/min.  Prior to injection (with backflushing), the on-board 
heaters were used to raise the baseline temperature of the microcolumn to 120 °C. This procedure 
was followed during a series of experiments aimed at optimizing the separation conditions.  
Unfortunately, attempts to use the on-column heaters to program the temperature of the separation, 
as in Figure 4.2, resulted in significant co-elution of 2,6- and 2,4-DNT. Although all three markers 
could be resolved under isothermal separation conditions, as shown in Figure 4-3a, the fwhm 
values were still rather broad for the DNT isomers (i.e., 1.5, 4.3, and 9.1 sec DMNB, 2,6-DNT, and 
2,4-DNT, respectively) owing largely to the injection bandwidths.   
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Therefore, on-column focusing (OCF) was explored as a way of reducing the on-column 
band broadening.  OCF entails starting the µcolumn at a temperature low enough to re-focus the 
analytes within the stationary phase at the head of the µcolumn.  With bench scale instruments and 
standard capillary columns this can be achieved by actively cooling a short segment of the column 
near the inlet. For a portable instrument this is not feasible.  However, due to the very 
low pv values of the markers, it was thought that the baseline temperature of 70 °C might be 
sufficiently low to achieve some degree of focusing.    
Figure 4-3b shows the effect of starting the separation with the microcolumn at 70 °C for 
20 sec and then ramping the temperature at 8 °C/s to one of several maximum temperatures 
ranging from 100 to 180 °C for the remainder of the separation. Nitrogen at 3 mL/min was used as 
carrier gas. The DMNB fwhm value was not affected significantly due to its higher pv value, 
whereas the fwhm values for 2,6- and 2,4-DNT were reduced to as low as 1.4 and 2.3 sec, 
respectively, and the significant tailing observed under isothermal conditions was greatly reduced. 
As a result, the overall elution time did not change significantly, despite the 20-sec focusing 
segment. Although, the fwhm decreased with an increase in final temperature from 100 to 130 °C, 
Rs for  2,6- and 2,4-DNT was nearly constant due to a greater decrease in retention time of the 
2,4-DNT relative to the 2,6-DNT. Above 130 °C, the fwhm values were constant while Rs declined 
further, again, due to greater reductions in the retention time of the 2,4-DNT.  Higher final 
temperatures were not explored, to avoid possible column bleeding. Figure 4-3c shows the 
separation of the three explosive markers generated using OCF, with 70 °C for 20 sec followed by 
a ramp at 8 °C/s to 130 °C. The Rs between 2,6-DNT and 2,4-DNT is greater than 1, and no peak 




4.3.3. Microcolumn and CR array integration 
  Figure 4-4a shows the response of C8 sensor to 2,6-DNT at five temperatures ranging from 
50 °C to 80 °C. The CR array was located in a controlled heating box in top of the bench scale GC 
and connected to a 30-m DB-1 capillary column held at 110 °C. The decrease in peak area reflects 
the reduction in partitioning as the temperature increases, and similar reductions were observed for 
all sensors in the CR array (see ref.10 for a more complete study of temperature effects on 
MPN-coated CR array detectors).  A commensurate increase in resolution would be expected due 
to the reduction in fwhm (assuming constant retention times).  The effect of flow rate on the fwhm 
of 2,4-DNT is shown in Figure 4-4b for two sensors, C8 and OPH, held at 70 °C. For these tests, a 
solution of 2,4-DNT (0.25 mg/mL CS2, 0.5 µL injection, 100:1 split ratio), was injected through 
the injection port of the bench-scale into the microcolumn, which had the CR array connected 
downstream. A set of FID responses obtained under similar conditions is shown for comparison. In 
both cases, the fwhm values decrease with increasing flow rates. At lower flow rates, the fwhm for 
the sensor response is wider than the FID response (e.g., at 0.8 mL/min, the ratio is 1.4), however 
at the higher flow rates, there is almost no difference (note: the effects of flow rate on peak area 
and peak height are described in a separate study; see ref. 10).  Although higher flow rates 
apparently reduce this source of extra column band broadening, the constraint on flow rate 
imposed by chromatographic resolution must also be considered.   
 In a subsequent test, the microcolumn and CR array were mounted inside the GC oven held 
at 70°C. The microcolumn temperature was raised to a baseline of 120 ºC using the on-column 
heaters. The upstream port of the microcolumn was connected directly to the GC injector (225 ºC, 
100:1 split) and a CS2 solution (0.5 mg/mL each) of the three markers and three n-alkanes (i.e., 
n-C14, n-C15, and n-C16) was manually injected via syringe. Purified air was used as carrier gas. 
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Figure 4-5 shows a representative set of chromatograms generated with this subsystem at a flow 
rate of 1.2 mL/min (note: this flow rate provided better resolution than 3 mL/min).  The mixture 
components elute in 3 min, and the resolution is clearly degraded. Values of Rs are 0.9 for the 
n-C14/2,6-DNT pair and 0.75 for the n-C15/2,4-DNT pair. Estimated fwhm values were 3, 16, and 
22 sec, for DMNB, 2,6-DNT, and 2,4-DNT, respectively. The fwhm values for 2,6- and 2,4-DNT 
are 35-40% greater than those obtained by replacing the CR array with an FID at the same flow 
rate (data not shown). The extra band broadening associated with the CR array can be attributed to 
the dead volume in the detector cell, non-specific adsorption on detector-cell-wall and 
interconnecting surfaces, and finite sorption/desorption kinetics in the MPN films on the sensors, 
despite operating at an elevated  detector temperature (70 ºC). It is interesting to note the 
selectivity toward the markers over the alkane interferences, particularly for the DPA, OPH, and 
HME MPN films. This selectivity leads to response patterns that differ significantly for the alkanes 
relative to the markers. As noted above, the use of OCF reduces the on-column band-broadening, 
which will enhance the separations, but the contribution of detector dynamics to extra column 
band broadening is significant and noteworthy.  
 
4.3.4. Microsystem calibration  
Tests were then performed with the microsystem components assembled and integrated 
into a subsystem comprising the µF, 1-m microcolumn, and CR array.  Each was mounted on a 
separate carrier PCB fixed to a common substrate board via standoff bolts, and connected via 
press-fit connectors to the other components. This assembly was placed in a bench scale GC oven 
held at a baseline temperature of 70 °C. The results of these experiments were obtained by another 
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member of the group (Lindsay Wright) as part of this project, but are reported here, in summary 
fashion, for continuity.    
Solutions of each of the individual markers, as well as n-C13, were prepared at several 
concentrations in acetone and used as the calibration standards. Autosampler injections (0.1-0.25 
µL) were made through the GC injection port to which the µF was connected. The loading flow 
rate was 3 mL/min and the downstream port of the µF was vented into the oven.  At this 
temperature the acetone was not retained on the C-B adsorbent of the µF.  The µF was then heated 
to 250 ºC at 375 ºC/s to inject the analyte at 3 mL/min into the 1-m microcolumn for elution and 
detection by CR array.  For DMNB, 2,6-DNT and 2,4-DNT, the mass range was 5 to 25 ng, for 
n-C13 the mass range was 50 to 100 ng. 
Figure 4-6 shows the resulting calibration curves (peak area vs. mass injected) for DMNB, 
2,6-DNT, 2,4-DNT, and n-C13. Peak areas were derived from the integrated voltage signals of the 
sensors by converting them to resistance changes and then dividing by the baseline resistance. As 
shown, the peak areas vary linearly with mass; the linear regression slopes with forced-zero 
intercepts had r
2
 values ranging from 0.97 to 0.99.  The LODs were calculated via the equation 
3σ/sensitivity, where σ is the standard deviation of the baseline noise, and sensitivities were based 
on peak height (not peak area).  On the basis of the most sensitive sensor for each analyte, the 
LODs were 2.2 ng (HME) for DMNB, 0.5 ng (HME) for 2,6-DNT, 0.9 ng (HME) for 2,4-DNT, 
and 12 ng (OPH) for n-C13. Assuming a 1-L sample volume, these correspond to concentrations of 
0.30, 0.06, 0.12, and 1.63 ppb for DMNB, 2,6-DNT, 2,4-DNT, and n-C13, respectively (note the 





4.3.5. Prototype assembly and system operation 
Following these preliminary experiments on the components and sub-systems, we 
commenced to build the INTREPID-II prototype.  The packaged prototype has dimensions of 13 
(l) × 11.3 (w) × 5.3 inches (h) and weighs 15 pounds. Figure 4-7 shows a picture of INTREPID-II 
prototype with all major fluidic and analytical components. A stainless-steel manifold was created 
with tapered, top-surface mounting ports designed to match those on each of the six 3-way latching 
solenoid valves used to direct the flow (Lee Co., Westbrook, CT). The sampler was also mounted 
on the manifold using 0.25 inch stainless-steel Swagelok fittings connected to stainless-steel 
tubing coming in/out of the manifold. A fan was mounted beneath the sampler to decrease sampler 
cooling time after thermal desorption, ensuring that the sampler returned to a reasonable 
temperature (~40 ºC) before the start of the next sample collection step.  A double-headed 
diaphragm pump (D737B, Parker Hannifin, Cleveland, OH) was used for sampling and focusing, 
and a mini-diaphragm pump (E155, Parker Hannifin) was used for injection, elution, and 
detection. Two large cylindrical scrubbers packed with charcoal and molecular sieves and 
mounted on the outer wall of the instrument chassis were connected to the inlet of analysis pump 
and sampling pump to remove water vapor and background organic vapors during focusing 
(sampling pump) and analysis (analytical pump) cycles. The pumps were connected to the 
appropriate ports of the manifold via stainless-steel tubing.  
The PCB-mounted analytical components (µF, µcolumn, and CR array) were secured on 
standoffs to the floor of a mini-oven comprising a fiber-glass insulated 1.5-L sheet metal chamber 
with a resistor-embedded silicone heater pad mounted to the lid. The chamber is heated so that the 
components are maintained at a baseline temperature of 70 °C to reduce adsorptive losses on 
interconnection surfaces that cannot be heated by direct means. Fluidic interconnections among 
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these components were made using custom-made stainless-steel unions that accept the 0.25 mm 
i.d. capillary tubing attached to the components. The unions were modified to fit in a small copper 
cradle, which was heated with a 20Ω resistor and monitored with a thermocouple. This allowed the 
unions to be maintained at an elevated temperature (~ 90 °C), which further reduced the potential 
for wall adsorption.  
Two circuit boards populated with the appropriate components were used to control and 
actuate all the components. A custom pneumatic control PCB connected to a digital I/O card 
(USB-6501, National Instruments, Austin, TX) was used to actuate the pumps, valves, fans, 
interconnection heaters, and sampler heaters. A second PCB connected to a 16-bit multi-functional 
DAQ card (USB-6218, National Instruments) provided control of the µF and microcolumn heaters 
as well as the readout of the thermistors on the PCBs and RTDs on the devices. This control board 
also provided sensor response amplification, signal filtering, and sensor signal readout in 
real-time. A USB hub connected the boards to a laptop computer running a control program 
written in LabVIEW (Ver. 8.5, National Instruments, Austin, TX). This program provided 
proportional-integral-derivative (PID) temperature control of the heated devices (sampler, heated 
interconnects, µF, µcolumn). It also provided on-off control for valve switching, pump activation, 
fan activation, and sensor response readout. User-defined pump, valve, and heater actuation timing 
and temperature settings, and temperature programming of the microcolumn could be configured 
at the start of a run through a graphic user interface on the laptop for automatic operation. A 
manual operation mode of each step and a continuous operation mode, which consists of defining 
the number of sequential automatic operation modes to be performed, were both possible. 
Additional components of INTREPID-II included a power supply and a mini-oven temperature 
control with a digital meter, which were embedded together in a separate external unit.  
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Resistance changes of the CR-array sensor elements were measured by applying a 3 VDC 
bias to each CR through a matched reference resistor for each of the eight sensors. The voltage 
drop across each CR-array element was recorded by the DAQ card at 20 Hz after amplification of 
the signal difference between baseline and measured values. Data was processed using GRAMS 
32 (version 6.0 Thermo Scientific, Pittsburgh, PA). Response patterns derived from the 
normalized responses from the four MPNs on the CR array were generated using MS Excel (Ver. 
14, Office 2010, Microsoft, Redmond, WA). 
Due to the net pressure drop associated with the narrow-bore channels in the manifold, the 
constrictions in the valves, and the length of interconnecting tubing, the maximum flow rate 
achievable with the dual-head diaphragm pump was 2.7 L/min. Thus, collection of a 1-L sample 
required 22 sec. Focusing at 40 mL/min for 40 sec was sufficient to transfer the explosive markers 
quantitatively to the µF with < 10 % breakthrough and minimal carry over (< 1.5 %) (see Chapter 
2). An analytical flow rate of 3.0 mL/min was adopted, because it results in a total elution time of 
< 60 sec for all three explosive markers; however it represents a compromise between the 
efficiency, resolution, speed, and sensitivity of each of the components.  
 
4.3.6. Prototype testing 
Prior to testing INTREPID-II with the explosive markers, the short-term reproducibility of 
the retention time and responses was examined for a series of VOCs that include: n-octane, xylene, 
n-nonane, and limonene (25 ppb-L each), at room temperature. A Tedlar® bag containing the 
mixture was drawn through the sampler at 2 L/min for 25 sec.  Then the sample was thermally 
desorbed with backflushing and transferred to the µF at 40 mL/min for 60 sec.  The µF was rapidly 
heated to 250 ºC and the mixture was backflushed and injected onto the microcolumn at a reduced 
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flow rate of 2 mL/min , and detected using the CR array kept at room temperature. An analysis of 
the mixture was performed every hour for 4 hr. Scrubbed air was passed through the CR array 
between analyses.  
Figure 4-A1 shows the overlaid chromatograms of the four replicates. The retention times 
ranged from 22 sec for n-octane to 55 sec for d-limonene, and varied by < 5% (RSD) for all four 
CR sensors. The variation in peak height ranged from 5% (m-xylene, C8) to 12 % (n-nonane, 
DPA), and the variation in peak area ranged from 3% (limonene, HME) to 20% (octane, HME).  
The high RSD can be attributed to changes in ambient temperature, transfer efficiency, and 
instability of the sensor response. In addition, as evidenced in the chromatograms, an 
exceptionally large artifact peak (presumably water vapor), at the beginning of the chromatogram 
overlapped with the first eluting compounds, affecting peak integration, especially with HME.  
To demonstrate the capability for selective determination of the markers in the presence of 
expected interferences, a set of 15 VOCs representative of indoor air contaminants, and a set of 5 
n-alkanes from C10-C16 (similar to the range found in jet fuel) [11] was identified.  The list of 
S/VOCs is given in the caption of Figure 4-8. A CS2 solution of a mixture of these 20 compounds 
along with the two markers was prepared, and analyzed by GC-FID using a 6-m long capillary 
column with a PDMS stationary phase (0.25 mm i.d., SPB-1, 0.25 µm thickness, Supelco, 
Belafonte, PA) and He carrier gas at 3 mL/min.  Note that 2,6-DNT was eliminated from the set of 
markers at this point because it was realized that its vapor concentration would be so much lower 
than those of the other two markers. Figure 4-8a shows the FID chromatogram. Peak assignments 
are based on individual runs of each component. As shown, the indoor air contaminants elute 
early, followed by the jet fuel model compounds, and the markers, consistent with a separation 
dictated primarily by analyte volatility (however the markers elute faster than expected due to their 
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polar structures).  This reference chromatogram serves to document the complexity of the test 
mixture and the expected elution order on a non-polar column.  
Using a 50-mL gas-tight syringe, headspace samples from the three flasks containing either 
the 20 interferences, DMNB, or 2,4-DNT were collected and injected slowly into a scrubbed air 
stream directed past the inlet of the prototype at ~ 100 mL/min, which was connected by a 
tee-fitting.  The flasks had been allowed to sit for a few days to allow the headspace to come to 
equilibrium prior to sampling. The sample consisted of 5 mL of the headspace of the 20 VOC 
mixture, 5 mL of the DMNB headspace, and 20 mL of the 2,4-DNT headspace. The prototype 
analytical sequence was initiated via the laptop controller and it proceeded to sample this dynamic 
test atmosphere at 2.7 L/min for 22 sec, focus for 40 sec at 40 mL/min, stop the sampling pump and 
start the analytical pump with an associated pause for 5 sec, then heat the µF to inject, separate and 
detect the mixture at 3 mL/min. The column temperature program employed was the same as that 
described in the caption of Figure 4-3. 
Figure 4-8b shows the traces for all four CR sensors in the array. Of the 22 compounds, 
only 7 appear in the chromatograms; the other 15 were, by design, not retained by the sampler 
and/or µF. Compounds with pv values less than ~ 1.4 torr (n-decane) were effectively captured, 
transferred to the µF, and analyzed. As shown, DMNB and 2,4-DNT were completely resolved 
from the alkane interferences, and gave retention times of ~20 and ~45 sec, respectively. The 
entire mixture elutes within 60 sec, although it takes around 80 sec to reach baseline. The time to 
reach baseline, however, does not necessarily add extra time to the total analysis, as the analytical 
subsystem could be flushed while the next sample is collected by the high-volume sampler.  The 
alkanes are also well resolved, and baseline separation between components is achieved.  
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Overall, good peak shapes are observed, except for 2,4-DNT which tails significantly. As 
seen in the sub-system test results, this can be due to the relatively low temperature at which the 
CR array is operated (70 ºC), wall adsorption in the Macor
®
 lid, or finite dead volume in the 
detector cell. Note that 2,4-DNT is the least volatile compound in the mixture. Similarly broad 
bands would be expected for other compounds of similar volatility. The fwhm values were 2 and 
12 sec for DMNB and 2,4-DNT, respectively. The values of Rs are 1.6 (DMNB-n-C11), 1.3 
(DMNB-n-C12), and 1.7 (2,4-DNT-n-C13). This degree of separation is more than adequate for 
determining the explosive markers, even if response pattern data are not considered. The overall 
analytical cycle time is ~ 122 sec distributed as follow: sampling (22 sec), focusing (40 sec),and 
analysis (60 sec).  
Normalized response patterns were generated for DMNB, n-C13, and 2,4-DNT from data 
collected from the assembled prototype, as shown in Figure 4-9. This process involved first 
converting measured voltage response to ∆R/R using the following equation: 
BC
C =	 DEFG.HIJK	×	DFG	×	LMNOFGOPQ R
       Eq. 1 
 
where Vmeas is the measured voltage response, gain is an instrumental quantity, Vbase is the average 
baseline voltage and Vref is the reference voltage. The ∆R/R values were then normalized to the 
highest responding sensor.   
For both marker compounds, the HME-coated sensor yields the highest sensitivity. In 
addition, both of these response patterns differ significantly from the model fuel compound 
interference (n-C13). The response patterns generated using the assembled prototype differ slightly 
from those obtained from the analytical subsystem [12]. This is attributed to a poorly functioning 
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C8 sensor in the prototype. Due to problems with carry-over in the sampler, quantitative analysis 
was not possible.   
 
4.4. Conclusions  
 This is the first report of the characterization of a fully integrated and automated µGC 
prototype for analysis of explosive markers in vapor phase. Optimized for this application, the 
instrument relies on fast and selective preconcentration/injection, rapid, temperature-programmed 
µcolumn separation; and microsensor-array detection to analyze the explosive markers in the 
presence of a complex mixture of background VOCs. Although this study fell short of performing 
quantitative and reproducible analysis of the explosive markers using the prototype, the selectivity 
towards the explosive markers, achieved within a 2 min analytical cycle time, coupled with the 
capability for automated operation, demonstrate the potential of this instrument as an effective 
stand-off detection system of explosive markers in the vapor phase.  
 The use of on-column focusing reduced the net band broadening attributable to µF 
injection and microcolumn elution by 15-20%. Other options that could be explored in the future 
include the use of split-flow injection, which can reduce the mass injected into the microcolumn to 
narrow the elution band. Split injection, however, comes with a loss of sensitivity. The use of 
longer microcolumns coated with low-bleed stationary phases could be operated at higher 
isothermal temperatures or with temperature programming without affecting the total elution time 
or the Rs values between critical marker-interference pairs considerably. However, a limiting 
factor is the maximum operating temperature of the MPN-coated CR sensor. Even at 70 ºC, 2,6- 
and 2,4-DNT elute rather slowly through the detector cell, generating extra broadening.  
142 
 
Residual carry over in the sampler or interconnecting tubing precluded demonstrating 
reproducible quantification of the explosive markers. Maintaining the fluidic path at a higher 
minimum temperature (> 70 ºC), and heating the manifold will likely be necessary modifications 
to solve this problem.  
 In summary, this portable µGC has the potential to be an alternative to current systems for 
near-real-time, stand-off determinations of vapor-phase explosive markers. The lower cost of 
fabricating the µGC system, compared to commercial spectrometric methods, favor its use for 
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Figure 4-1. Fluidic pathway diagram of the INTREPID-II µGC prototype. 



























Figure 4-2. 22-s temperature programmed separation of markers and alkane 
interferences using 1-m µcolumn mounted within the oven of a conventional GC and 
connected to the split/splitless injector and FID via passivated capillaries. Conditions: 
air carrier gas; 3 mL/min; 100:1 split injection; 120 °C (initial), 4 °C/s to 140 °C, 1 °C/s 
to 160 °C, 4 °C/s to 180 °C, hold for 10 s (total = 20 s). Compounds: 1, CS2 (solvent); 2, 
DMNB; 3, n-tridecane; 4, n-tetradecane; 5, 2,6-dinitrotoluene; 6, n-pentadecane; 7, 





















Figure 4-3. a) 120 °C isothermal separation of target compounds illustrating broad 
peaks and somewhat low poor resolution (conditions: µF injection to microcolumn; 
ECD; 3 mL/min N2 carrier gas. b) Effect of final temperature following OCF at 70 
°C on resolution (Rs) between 2,4- and 2,6-DNT (diamond) and fwhm of 2,6-DNT 
(triangle) and 2,4-DNT (square). c) Chromatogram showing marker separation 
generated using OCF and temperature program that maximizes resolution between 
2,4- and 2,6-DNT while minimizing peak width (conditions: 70 °C for 20 s, ramp at 
8 °C/s for 7.5 s, hold at 130 °C for 32.5 s; µF injection to microcolumn; ECD; 3 
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Figure 4-4. a; Overlaying chromatograms of the sensor response to 2,4-DNT at several 
sensor temperatures. Conditions: 1 mg/mL (CS2, 0.5 µL injection, splitless, 250 °C 
inlet), 30-m DB-1 column, kept isothermal at 110 °C, carrier gas: He. b; 2,4-DNT fwhm 
at different flow rates using an FID detector (circle), and two CR array sensors at 70 °C, 
C8 (diamonds) and OPH (triangles). Conditions: 0.25 mg/mL (CS2, 0.5 µL injection, 
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Figure 4-5. Chromatogram obtained using the analytical subsystem composed of a 1-m 
µcolumn and a CR sensor array. Compounds: DMNB, n-tetradecane (C14), 
2,6-dinitrotoluene (2,6-DNT), n-pentadecane (C15), 2,4-dinitrotoluene (2,4-DNT), 
n-hexadecane (C16). Conditions: microcolumn temperature = 120 °C ; CR array 
temperature = 70 °C; 0.5 µL, 100:1 split injection, GC inlet at 225 °C, 1.2 mL/min flow 
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Figure 4-6. Calibration curves generated for 2,6- and 2,4-DNT, DMNB and n-tridecane 
using the analytical subsystem (µF, 1-m µcolumn, and CR array) connected to a 
bench-scale GC inlet, and liquid standards of the compounds in CS2. Concentrations 
were confirmed by independent GC/FID analysis. Symbols designate MPN materials. 


























Figure 4-7. Photographs of the INTREPID-II µGC prototype (center) and the primary 


























Figure 4-8. (a) 1-D chromatogram of a 22-component mixture (including DMNB and 
2,4-DNT). Conditions: 6-m, 0.25 mm i.d. PDMS (0.25 µm thick PDMS);   40 °C (10 s) 
to 160 °C (60 s) at 30 °C/min; He carrier gas; 3 mL/min flow rate; FID.  (b) 
Chromatograms from the four CR microsensors generated from the analysis of a 
1 L air sample spiked with DMNB and 2,4-DNT and 20 interferences. Fifteen of 
the interferences were not trapped by the PCF module and therefore do not 
appear in the chromatograms. Compounds: 1, benzene; 2, 1-propanol; 3, n-heptane; 
4, toluene; 5, n-octane; 6, hexanal; 7, 2-hexanone; 8, isoamyl alcohol; 9, m-xylene; 10, 
2-methyl-2-hexanol; 11, 2-heptanone; 12, n-nonane; 13, cumene; 14, heptanal; 15, 
1-hexanol; 16, octanal; 17, n-decane; 18, n-undecane; 19, DMNB; 20. n-dodecane; 21, 



















































Figure 4-9. Normalized response patterns for 2,4-DNT, DMNB and n-tridecane, using 
CR array. Unique response patterns are observed for the marker compounds as 





LabVIEW program for control, data acq., and alarm determination  
The LabVIEW program used to control the INTREPID I prototype had all of the essential 
elements required for autonomous operation of the core analytical components (µF, µcolumn, 
µsensor array) and for display of the responses from the array.  But the sequencing of the pumps 
and valves was controlled with a separate program. For the INTREPID II prototype, it was 
necessary to consolidate all code required for autonomous operation. Toward that end, we 
developed and debugged new LabVIEW modules, and reworked/re-bundled the component 
LabVIEW routines into a package that permits continuous autonomous operation for multiple 
cycles and display of instrument status.  We also strove to incorporate additional features such as 
peak finding, decision-making on the fly, and exporting of the data to a separate package for peak 
integration, multivariate curve resolution, vapor recognition and quantification (from sensor-array 
responses), data reduction, and final target determinations. The software was developed and 
configured to afford the least cumbersome and fastest approach to determinations of the targets.  
The goal was a menu-driven, user-adjustable, graphic-user-interface for operating the INTREPID 
II µGC and acquiring chromatographic data from all sensors and displaying results. 
To allow automated as well as manual operation of the instrument, the structure of the code 
was revised. The original routine-based code structure was replaced by an event-based one, where 
a precisely timed main loop runs acquisition and control tasks in background, while a secondary 
loop waits for user inputs or programmed sequences and then commands task states in the main 
loop. Additional advantages of this structure are the possibility to drive controls independently and 
to customize the operation sequences of the instrument after the development stage. A copy of this 
revised code was debugged with the Intrepid I circuit boards. The revised code, as well as new 
154 
 
functionalities, worked as expected. Revised codes were eventually tested with the new 
INTREPID II boards. 
One of the new functionalities is a µF initial temperature control, which allows the 
temperature of the µF to be set at a slightly elevated level via the integrated heater rather than 
being controlled by the mini-oven of the prototype. This function employs a PID control routine 
that generates a PWM signal at 50Hz. The PID control routine was integrated with the previously 
existing on/off heating control. It deactivates itself automatically when the on/off control is 
activated, which results in fast heating and also rapid adjustment of baseline temperature. This 
new feature was useful for implementing the on-column focusing technique for improving the 
resolution of explosive markers from potentially interfering vapors. It enables the µF to be 
heated to 70-80 °C, for example, while the microcolumn remains unheated. Figure 4-S2 shows 
the temperature profile of a µfocuser at an initial temperature of 75 °C, and then at a final 
temperature of 250 °C achieved in less than a second.  
Acquisition channels and corresponding graphs were added for monitoring the sampler and 
oven temperatures. Sampler and capillary interconnection temperatures are acquired using 
thermocouples while the temperatures of the carrier boards are measured using IC thermistors. A 
closed-loop control for the heating of the sampler was implemented in order to achieve a heating 
rate that would permit reaching 250ºC in 15 sec. A pair of digital outputs from the DAQ switches 
on/off two voltages, one of 17V to achieve fast initial heating, and one of 9V for reducing ripple. 
A set of manual controls for turning on and off valves and pumps independently was 
incorporated into the LabVIEW front panel control GUI. As well, a set of controls for 
programming automation of the instrument was added in the form of a time table. A routine 
executes the programmed sequences by triggering corresponding controls accordingly. It allows 
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an “Auto” mode for one time execution of the sequence and “Continuous” mode for a loop 
execution.  Figure 4-S3 provides a screenshot of the control panel relevant to these functions.  In 
order to allow integration of generated code into an executable stand-alone program, a set of 
controls was added for setting up workspace variables like RTD calibration parameters, heating 
temperatures for sampler and µfocuser, and valve default states. 
 
Algorithm for critical peak finding and pattern recognition  
Significant progress was made in developing algorithms to extract information about the 
identities of the compounds in partially overlapping binary peaks generated by the INTREPID 
prototype.  These techniques employ multivariate curve resolution (MCR) methods for this 
purpose, specifically adaptive least squares in conjunction with evolving factor analysis 
(ALS-EFA). ALS and EFA have been coupled together as a way of determining how many 
components are contributing to an apparent binary peak cluster and to extract their separate 
response patterns for subsequent pattern recognition by principal components regression.  The 
context for this has been a desire to perform reliable quantitative analysis, which requires precise 
pattern recovery.  But the procedures involved are time consuming and must be done off-line after 
the data has been collected, stored, downloaded, and transferred to Excel or GRAMS. 
For the INTREPID-II field prototype, there is a need to make determinations more rapidly 
so that decisions about the presence of explosives could be made in near-real-time.  In order to 
move closer to such an operating scenario, it was necessary to develop an abbreviated data 
management routine to allow a decision to be made more rapidly as to whether explosives are 
present or not.  Although not complete, progress toward this goal was made.  For example, it was 
thought that it would be possible to focus on the retention time windows where each of the 2 (or 3) 
targets elute and if measurable signals (peak heights) were found in all three of these windows, this 
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would trigger a ‘cautionary’ alarm that would prompt a more thorough data analysis.  Such a 
decision might also be based on the presence of only two such signals or even just one.  This might 
be sufficient, in a screening operation, to detain an individual or a piece of luggage while more 
in-depth analyses are performed.  For the latter, signal intensities could be assessed and algorithms 
developed to perform rapid pattern recognition to possibly confirm or refute the possibility of 
explosives.  Should this second-level of analysis suggest the presence of explosives, then a full 
analysis could be performed or the analysis repeated. 
A program was developed for off-line analysis of a given sensor data set, capable of 
finding relevant peaks and calculating their height and position (retention time). The program is 
based on a peak/valley detection tool that performs quadratic curve fitting after proper signal 
filtering. This function along with a decision making routine could be automated and incorporated 
into the main LabVIEW program. The general approach is illustrated in Figure 4-S4. 
In summary, the LabVIEW code was developed and integrated into a final, coherent 
program with user definable settings, where appropriate, that permits single analyses or a 
continuous series of analyses (the number of which would be user-selected) to be run 
automatically prior to subsequent user intervention. Using the peak finding algorithm, it will 
eventually be possible to implement an alarm function to indicate that there is a peak at each of 
several possible characteristic retention times with characteristic patterns to merit a cautionary 
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Figure 4-A1: Results of fully automated operation of INTREPID field 
prototype for a series of VOCs. Five consecutive sampling/analysis cycles 
were completed, though only three are shown for clarity. Good retention time 
reproducibility is evident across all sensors, and good peak height 
reproducibility is seen with respect to sensor coating. Note: The peak at around 
5s in each chromatogram is likely due to water vapor. The peak at 18s is an 














   

































































COMPREHENSIVE TWO-DIMENSIONAL GAS CHROMATOGRAPHIC 
SEPARATIONS WITH A MICROFABRICATED THERMAL MODULATOR 
 
5.1 Introduction 
Numerous reports have appeared over the past decade or so on micro-scale gas 
chromatograph (µGC) components [1-13], subsystems [14-16], and systems [17-25], consisting of 
one or more microfabricated Si devices. The low power requirements, small size, and eventual low 
production cost of µGC systems favor their use in field or clinical settings for measuring volatile 
and semi-volatile organic compounds (SVOC), such as explosive markers, chemical warfare 
agents, indoor air pollutants, and breath biomarkers of disease or toxic chemical exposure. 
Although the scaling laws governing GC separations generally favor miniaturization [26], inherent 
limitations on the maximum length and minimum diameter of the (micro)columns, as well as the 
minimum injection bandwidth, place limits on the achievable peak capacity (np) and resolution 
(Rs). One approach to relieving these constraints on performance entails the use of comprehensive 
two-dimensional gas chromatography (GC×GC). 
GC×GC is a highly effective method for separating the components of complex mixtures 
of (S)VOCs [27]. A junction-point modulator couples a relatively long first-dimension (
1
D) 
column to a relatively short second-dimension (
2
D) column having a different stationary phase and, 
thereby, different retention properties.  As each compound elutes from the 
1
D column it is 
re-injected in a series of narrow bands that elute through the 
2





D separation.  Pneumatic modulation is achieved by tapping a second carrier gas source into 
the junction point and toggling a series of valves that transfer the effluent from the 
1
D column to 
the 
2
D column at very high frequency [28, 29]. Re-injection bandwidths as narrow as 22 ms can be 
obtained but little or no focusing occurs, and therefore the peak amplitude enhancement (PAE; i.e., 
the modulated/unmodulated peak-height ratio) is generally quite limited [29].
 
Thermal modulation 
is achieved by alternately bathing a small section of capillary at the junction point in a cooled gas 
to trap and focus peak segments from the 
1
D column and then heating to transfer them to the 
2
D 
column [30-34]. Re-injection bandwidths as narrow as 50 ms and PAE values as high as 70 have 
been reported by virtue of the refocusing that occurs with the thermal modulator (TM) [27, 32, 33].  
Plotting the 
1
D retention times against the 
2
D retention times provides a 2-D chromatogram that 
conveys the net differential retention of the mixture components on the two columns.  
The primary difficulties faced in trying to miniaturize GC×GC systems with commercial 
TM subsystems are the need for large quantities of consumable cooling fluids or the power 
demands for both heating and cooling, which can be on the order of Kw [32b, 33, 34].  As part of 
an on-going effort concerned with the development of µGC systems and components in our 
laboratories [1,4,7,8,14-16,18,21,22,24,25] we recently described a microfabricated TM (µTM) 
that operates with relatively low power and without cryogenic fluids [35-37]. The µTM chip 
consists of two series-coupled, convolved-square-spiral, deep-reactive-ion-etched (DRIE) Si 
microchannels (stages) with an anodically bonded Pyrex cap, a crosslinked PDMS wall coating, 
and individual thin-metal-film heaters and temperature sensors.  The chip is mounted on a 
thermoelectric cooler (TEC), which is used for focusing.  Highlights of that work include 
modulated peaks with full-width-at-half-maximum (fwhm) values as low as 70 ms (for n-heptane) 
and PAE values as high as 50.  Testing performed to date, however, entailed only a 
1
D column so 
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that the modulated peaks emerging from the µTM could be characterized without the influence of 
a 
2
D column.   
In this article, we describe a GC×GC system that uses a µTM of similar design to that 




D capillary columns are used in 
anticipation of developing a µGC×µGC system for (S)VOCs.  The effects of varying the stage 
temperatures, modulation period, stage-heating offset period, and volumetric flow rate are 
examined with respect to several performance metrics using a small set of VOCs as test analytes. 
The reproducibility of the 2-D separations provided under a given set of conditions is examined 
and then a structured chromatogram is produced and assessed.  Finally, a fast GC×GC 
21-component VOC mixture separation is presented.  The implications of the results for using this 
type of µTM in benchscale GC×GC systems and in portable µGC×µGC systems for fast analysis 
of (S)VOC mixtures are considered. 
 
5.2 Experimental  
5.2.1 µTM preparation   
 The design, thermal analysis, and fabrication of the µTM device have been described 
previously [35, 36]. Figure 5-1a shows a photograph of the device (see refs. 35 and 36 for 
dimensional diagrams).  The 13×6 mm µTM chip consists of two square-spiral, boron-doped Si 
microchannels, 4.2 cm (stage 1) and 2.8 cm (stage 2) long, with cross-sections of 250 (w) × 140 (һ) 
µm and wall thicknesses of 30 µm. The microchannel dimensions were chosen on the basis of the 
modulator reported by Libardoni, et al. in Ref. 34 and prior work by that group cited in that article. 
A 100-µm thick Pyrex cap is anodically bonded to the top surface, sealing the microchannels and 
providing additional mechanical strength to the Si frame. There is a 0.5-mm long microchannel 
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interconnection segment between the two stages. Connections to upstream and downstream 
capillaries are made at opposing sides of the rim. Four Ti/Pt resistive heaters and temperature 
sensors are patterned on the Pyrex surface; one set beneath each stage and another set beneath the 
inlet and outlet ports on the rim. 
Two 5-cm long sections of deactivated fused-silica capillaries having 250 µm i.d. and 100 
µm i.d., were connected to the inlet and outlet ports, respectively, with epoxy (Hysol Epoxy Patch 
1C, Rocky Hill, CT). The interior walls of the microchannels (and connecting capillaries) were 
coated with a 0.3 µm thick cross-linked film of polydimethylsiloxane (PDMS, OV-1, Ohio Valley, 
Marietta, OH) from a 1:1 n-pentane:dichloromethane solution (0.6% w/v PDMS, 0.005% w/v 
dicumyl peroxide), using a static coating and thermal cross-linking method described previously 
[7]. The µTM chip was then mounted and wirebonded to a custom printed circuit board in 
proximity to an underlying thermoelectric cooler (TEC) as described in the Supporting 
Information accompanying this article. 
 
5.2.2 Performance Testing  
  The µTM-TEC testing platform was placed inside the oven of a bench-scale GC (Model 
6890, Agilent Technologies, Santa Clara, CA). Resistance values of the integrated temperature 
sensors were calibrated using the GC oven. The TEC was operated continuously at an applied 
power of 21 W, which yielded a minimum stage temperature, Tmin, of  −40 °C with the rim heaters 
deactivated and an ambient temperature of 23 °C. Reducing the power to the TEC allowed for 
higher Tmin values. Modulations entailed applying 100-ms voltage pulses independently to each 
stage heater through two solid-state relays (D1D12, Crydom, San Diego, CA).  The voltage 
applied to each stage was adjusted manually between 55 and 60 V to achieve the desired maximum 
165 
 
stage temperature, Tmax, which ranged from 195 to 250 °C.  A custom Visual C# program was used 
to control the timing of the applied voltages, as well as to read the temperature sensors via a DAQ 
card (NI USB-6212, National Instruments, Austin, TX) installed on a laptop computer. A constant 
voltage was applied independently to each rim heater and adjusted to maintain the ports at the 
ambient temperature when the TEC was on.  
 Inlet and outlet capillary sections were connected to commercial fused-silica capillary 
columns by means of press-tight connectors. The 
1
D column was a 6-m long, 0.25-mm i.d. 
capillary, with 0.25-µm thick stationary phase of PDMS (Rtx-1, Restek Corp., Bellefonte, PA) and 
the 
2
D column was a 0.5-m long, 0.1-mm i.d. capillary with a 0.1-µm thick stationary phase of 
polyethylene glycol (PEG, Rtx-Wax, Restek). The temperature of the 
1
D column corresponded to 
that of the GC oven. The 
2
D column was wrapped with insulated Cu wire (100 µm o.d., EIS, Inc., 
Atlanta, GA) and then heat-resistant thin polyimide tape (McMaster Carr, Santa Fe Springs, Ca). A 
fine-wire thermocouple (Type K, Omega, Stamford, CT) was placed between the capillary and 
heater coil. For all tests the 
2
D column was maintained at ~80 °C. Note that the outlet capillary 
segment affixed to the µTM chip was coated with PDMS and was at oven temperature for all 
testing.   The distal end of the 
2
D column was connected to the FID via a 5-cm segment of 
deactivated fused silica capillary (100 µm i.d.).  For some testing, the 
2
D column was bypassed and 
the TEC was deactivated so that the 
1
D peak widths could be measured.   
Test compounds were > 98% pure (Sigma-Aldrich, Milwaukee, WI) and used without 
further purification. Vapor mixtures were prepared by injecting 1 µL of each component into a 
10-L Tedlar bag (SKC Inc., Eighty-Four, PA) filled with a known volume of dry N2. A sample of 
this test atmosphere was drawn by a small diaphragm pump (UN86, KNF Neuberger, Trenton, NJ) 
through a 112-µL sampling loop connected to a six-port valve. The valve and loop were housed in 
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a heated (80 °C) enclosure on the GC chassis. Actuating the six-port valve injected the contents of 
the loop to the 
1
D column of the GC×GC subsystem via a short section of deactivated fused-silica 
capillary.  Using He as the carrier gas, the volumetric flow rate, F, was adjusted by varying the GC 
inlet pressure and was measured at the end of the 
2
D column with a bubble flow meter.  
The data sampling rate and temperature of the FID were 200 Hz and 250 °C, respectively. 
ChemStation software (Rev.B.01.01, Agilent Technologies, Santa Clara, CA) was used for data 
acquisition, GRAMS32 (Version 6.0. ThermoScientific, Pittsburgh, PA) was used for 1-D data 
processing, and GC Image (Rev 2.2, Zoex, Houston, TX) was used for 2-D data processing and 
display of 2-D chromatograms.   
   
5.3 Results and Discussion 
Several µTM operating variables must be set for a GC×GC analysis, and each has an effect 
on performance.  The stage-heating offset, Os, is the time delay between heating of the first and 
second stage heaters, which can affect sample transfer efficiency.  The modulation period, PM, is 
the time between successive first-stage heating events (i.e., modulations), and it must be 
considered together with the retention time, tR, on the 
2
D column which, in turn, is affected by the 
F value, 
2
D column temperature, and the analyte-stationary phase interactions. The values of Tmin 
and Tmax affect the efficiencies of trapping and remobilization, and the rates at which Tmin and Tmax 
are achieved affect the minimum achievable PM as well as the re-injection bandwidth for the 
2
D 
column separation.  The rate at which Tmax is reached for the µTM design used here is determined 
by the magnitude and duration of the applied heater voltage, and was as high as 2300 °C/s for the 
range of Tmin and Tmax values studied.  The rate at which Tmin is reached is determined by the 
thermal mass of the stage and the net thermal resistance of all heat dissipation pathways [35]. 
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Although the thermal time constant for cooling the µTM was ~ 0.34 s, regardless of Tmax, it 
required ~3-4 s to fully return to Tmin.   
Thermal crosstalk between the rim and each stage and between the two stages can also 
affect performance.  If no voltage were applied to the rim heaters, then the inlet and outlet ports 
would reach temperatures similar to Tmin, creating a cold spot in the sample transfer path.  By 
applying a constant bias in the range of 2-3 V to each rim heater, the temperatures of the inlet and 
outlet ports were adjusted to match that of the GC oven (i.e., 25 or 33 °C).  The inter-stage thermal 
crosstalk was ~7-10% for the µTM design used in this study under the conditions employed. This 
is as much as 3% higher than that for the device described in Ref. 36 owing to the shorter 
interconnection microchannel employed (i.e., 0.5 mm vs. 1 mm).  As a result, heating the first 
stage led to a transient increase of ~16-19 °C in the value of Tmin for the second stage during each 
modulation over the ranges of Tmax and Tmin values studied. Increasing Os from the default value of 
600 ms to 1800 ms prolonged the transient temperature and reduced the trapping efficiency of the 
2
nd
 stage. Reducing Os to 200 ms gave performance similar to that for Os = 600 ms, indicating that 
inter-stage heat transfer is rapid.  
Performance was assessed with respect to the fwhm of the primary modulated peaks, the tR 
values and critical-pair resolution in the 
2
D column (Rs2), the modulation ratio (MR, i.e., number of 
detectable 
2
D peaks per 
1
D peak), np, and the extent of breakthrough.  The latter phenomenon was 
assessed qualitatively by careful inspection of the 2-D chromatograms.  Breakthrough occurs 
when the trapping capacity of the µTM is exceeded in one or both stages. It is accompanied by the 
appearance of vertically broadened signals in the 2-D chromatogram at 
1
D retention times that are 
earlier than expected, and it results in unpredictable 
2
D retention times. Wrap-around occurs when 
PM is shorter than the retention time on the 
2
D column. It results in compounds eluting in a later 
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modulation cycle at an unpredictable, though reproducible, 
2
D retention time. Rs2 is defined as (tR2 
- tR1)/wA, where tR2 and tR1 are the 
2
D retention times of adjacent compounds, assuming co-elution 
in the first dimension, and wA is the average base peak width of the primary modulated peaks [38]. 
Values of Rs2 for the (“critical”) n-octane/hexanal pair were used to compare the performance 
under certain operating conditions.   
The peak capacity represents the hypothetical number of perfectly spaced peaks that could 
be separated at a specified value of Rs: np = 1 + N
1/2
/(4Rs)ln(tRn/tM) [38], where N is the plate 
number derived from the expression 5.545(tR/fwhm)
2
, Rs = 1 for this study (arbitrary), and tRn is 
retention time of the last retained peak. For GC×GC separations, np,GC×GC is the product of the peak 
capacity for each dimension, i.e., np1 × np2,
27 
and PM is used instead of tRn for the 
2
D column [34]. 
 
5.3.1 Modulator temperatures  
 The influence of Tmin and Tmax on performance was evaluated using the following seven 
VOCs, the boiling points (bp) of which range from 80 to 174 °C: benzene, isoamyl alcohol, 
hexanal, n-octane, 2-methyl-2-hexanol, 2-heptanone, and n-decane. The values of Os, PM, and F 
used initially were 0.6 s, 6 s, and 0.9 mL/min, respectively. Four different combinations of Tmin and 
Tmax were tested; as the value of Tmin was adjusted the corresponding value of Tmax was also 
adjusted so as to maintain a span (i.e., ∆T = Tmax – Tmin) of 220-230 °C.  
For the first tests, with Tmin = -27 °C and Tmax = 195 °C, the 
1
D column temperature was 25 
°C and the 2-D chromatogram in Figure 2a was obtained. MR values were between 2 and 3 for all 
compounds, all 
2
D tR values were < 2.5 s, Rs2 was 1.7, and the separation required 4.4 min.  
Importantly, the most volatile test compound, benzene, was trapped efficiently in the µTM under 
these conditions.  The 
2
D tR values of the polar compounds were generally larger than those of the 
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hydrocarbons, as expected, and the fwhm value of the primary modulated peak of each compound 
ranged from 82 ms (n-octane) to 300 ms (n-decane).  The tailing observed along the 
2
D axis could 
arise from any of several of factors, including the low value of Tmin, the relatively thick PDMS wall 
coating in the µTM, and the short segment of downstream interconnecting capillary, which was at 
the oven temperature of 25 °C. The horizontal band apparent in most of the Figure 5-2 panels has a 
retention time similar to that of n-octane in the 
2
D column, and can be ascribed to a small amount 
of bleed arising from decomposition of the PDMS in the µTM each time it is heated.   
For the second test condition (Figure 5-2b), the GC oven (
1
D column and capillary 
interconnect) temperature was increased to 33 °C, and the lowest Tmin value that could be 
maintained was -20 °C. The value of Tmax was therefore increased to 210 ºC.  Under these 
conditions, breakthrough of benzene occurred; it eluted from the 
2
D column as a broadened signal 
in the modulation cycle preceding that in which it was expected, and gave an anomalous 
2
D tR 
value of ~5.4 s. This can be attributed to the inter-stage thermal crosstalk, which led to a transient 
increase in the second-stage Tmin value to −1°C during each modulation and reduced the trapping 
capacity for benzene. The 
2
D tR and MR values of the remaining test compounds were similar to 
those in Figure 5-2a, but the 
1
D retention times were shorter due to the higher 
1
D column 
temperature. In addition, there was less 
2
D peak tailing due to the higher Tmin, Tmax, and 
interconnect temperatures; values of fwhm of the primary modulated peaks decreased slightly for 
the more volatile compounds (e.g., 72 ms for n-octane) and significantly for the less volatile 
compounds (e.g., 197 ms for n-decane). The Rs2 value increased to 2.4 while the separation time 
decreased to 2.9 min. 
For the data shown in Figure 5-2c, Tmin was increased to 0 ºC (transient second-stage Tmin = 
16 °C) and Tmax was increased to 230 °C while maintaining the column temperatures as in the 
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previous run.  In this case, both benzene and n-octane showed evidence of breakthrough from the 
second stage, and fwhm values increased 2- to 3-fold for all other compounds except n-decane, for 
which fwhm decreased by ~10% (i.e., 180 ms) in spite of the higher value of Tmin. Apparently, the 
increase in fwhm for the four other compounds arises from a reduction in focusing within the 
second stage of the modulator and a consequent increase in the re-injection bandwidth.  
Accordingly, the 
2
D tR and MR values, and total separation time were the same as those for Figure 
5-2b. Due to n-octane breakthrough, Rs2 could not be calculated. The separation required < 3 min. 
For Tmin = 20 ºC (transient second-stage Tmin = 35 °C) and Tmax = 250 °C, all compounds 
except for n-decane broke through the modulator (data not shown).  The fwhm of n-decane 
remained at 180 ms, suggesting that these conditions would be suitable for compounds of similar 
and somewhat lower volatility than n-decane. Note that fwhm for n-decane did not change upon 
reducing Tmax to 210 ºC, which indicates that the re-injection bandwidth was not limited by this 
factor.   
From the preceding results, values of Tmin = -20 °C and Tmax = 210 °C seemed to provide 
the best performance for this set of compounds, with the exception of benzene. With these 
modulator temperatures and the other operating conditions used in this series of experiments, 
np,GCxGC was 216 on the basis of the n-decane tR and fwhm values (np1 = 18; np2 = 12) and 60 on the 
basis of 2-heptanone tR and fwhm values (the latter allows comparisons with data from the next 
series of experiments).  
 
5.3.2 Flow rate  





D columns, because they are connected in series and F cannot be adjusted 
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independently. In general, F should be adjusted such that the maximum 
2
D tR value is less than PM. 
This places a constraint on the minimum F value.  At higher F values, several issues can arise.  
First, the trapping capacity of the modulator can be exceeded because of sample overloading or 
because insufficient time is available for the first stage to cool down after the first modulation 
heating event. Second, MR values can be reduced because the peaks eluting from the 
1
D column are 
narrower [39]. Third, the retention on the 
2
D column could be reduced to a point where resolution 
is compromised. These factors, thus, place constraints on the maximum F value.  
Golay plots generated separately for each column using He as carrier gas, (n-octane, k = 
2.7, 33 °C for 
1
D; and n-tridecane, k = 2, 80 °C for 
2
D) indicated optimal velocity values, uopt, of 37 




D column, with Hmin values of 0.028 and 0.017 cm, respectively. The 
corresponding values of N are 3570 and 5500 plates/m, respectively. This translates to F values of 
1.2 mL/min for 
1
D column, and 0.06 mL/min for 
2
D column. The effect of F was explored for a 
subset of 5 test compounds (i.e., benzene, isoamyl alcohol, hexanal, n-octane, and 2-heptanone) at 
discrete F values of 0.1, 0.4, 0.9, and 1.5 mL/min. Values of the other relevant operating variables 
are given in the caption of Figure 5-2. 
As shown in the 2-D chromatograms in Figure 5-2d-f, increasing F leads to a 
commensurate decrease in the 
1
D column tR values of all compounds.  Notwithstanding the 
breakthrough of benzene under these conditions, the effects on the 
2
D column separation vary. At 
F = 0.1 mL/min the 
2
D tR values exceeded PM and all compounds exhibited wrap around, however, 
all compounds were well separated (data not shown).  Due to the broadness of the 
1
D peaks at this 
low flow rate, the MR values were > 3 and the separation required 4.4 min. The large fwhm values 
of the primary modulated peaks of the compounds are also attributed to the low F in the 
2
D column 
(e.g., n-octane fwhm = 627 ms).  
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At F = 0.4 mL/min (Figure 5-2d), all compounds were effectively separated in 1.6 min. Rs2 
was 2.7, MR values ranged from 2.5 to 3.5, and the fwhm for the primary modulated peak of 
n-octane was 130 ms. On the basis of 2-heptanone, the np,GC×GC for this flow rate is 72 (np1 = 9;  np2 
= 8).  At F = 0.9 mL/min (Figure 5-2e), the compounds were also effectively separated, Rs2 was 
2.5, MR values ranged from 2 to 3, and the separation required 1.1 min. The fwhm for the primary 
modulated peak of n-octane was 76 ms. On the basis of 2-heptanone, the np,GC×GC for this 
modulation period is 60 (np1 = 6 and np2 = 10); slightly lower than at 0.4 mL/min. Increasing F to 
1.5 mL/min (Figure 5-2f) led to very short tR values on the 
2
D column.  Rs2 was not calculated due 
to breakthrough of n-octane, however, the resolution among the other compounds was lower than 
that at 0.9 mL/min. At this F, the base peak widths from the 
1
D column decreased to where MR 
values were < 2. The separation required <1 min. Although similar results were obtained for F 
values of 0.4 and 0.9 mL/min, the latter was deemed preferable because it reduced the analysis 
time by 30% with minimal reductions in Rs2 (8% reduction) and np,GCxGC (10% reduction).    
 
5.3.3 Modulation period   
 For the next series of tests, PM was varied from 2 to 10 s while keeping all other variables at 
the values shown in the caption of Figure 5-2e.  The same subset of five test vapors was used. The 
shortest PM value of 2 s (Figure 5-2g) resulted in breakthrough for all compounds due to 
insufficient time for cooling the µTM stages between successive heating events. There was also 
evidence of wrap-around for those compounds with tR (
2
D) close to 2 s. At PM = 4 s (Figure 5-2h), 
all compounds were effectively separated, Rs2 was 2.4, MR values ranged from 2.2 - 3, and the 
separation required 1.1 min. The fwhm for the primary modulated peak of n-octane was 80 ms. On 
the basis of 2-heptanone, the np,GC×GC for this modulation period is 57 (np1 = 6; np2 = 9.5). The data 
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for PM = 6 s was already presented in Figure 5-2e. Rs2 was 2.2, MR values ranged from 2.0 - 3.0, and 
the 
2
D tR values were similar to those with PM = 4 s. Despite the slightly smaller values of MR and 
Rs, a PM of 6 s is considered preferable to 4 s because it allows more time for the 
2
D separation and 
a slightly higher np,GC×GC. (i.e., 60, based on 2-heptanone, see above).   
At PM = 10 s (Figure 5-2i), all compounds were effectively separated and only benzene 
suffered breakthrough. At this PM value breakthrough might have been expected due to the limited 
capacity of the µTM, however, none was observed for other compounds. Rs2 was reduced to 1.6 
and MR values were < 1.5 for all compounds, which is less than optimal, since the resolution in 
2
D 
is degraded. The separation required 1.1 min. The fwhm of the principal modulated peak for 
n-octane was 78 ms. The np,GC×GC value determined on the basis of 2-heptanone increases to 78 (np1 
= 6; np2 = 13) primarily by virtue of using the value of PM as the default retention time in the peak 
capacity calculation. It is clear from Figure 5-2i that one would want to operate at a lower flow rate 
to take full advantage of such a long PM setting.   
 
5.3.4 Reproducibility 
  To examine reproducibility, four replicate separations were performed for the same subset 
of five test compounds used in previous experiments under the conditions presented in Figure 
5-2e. Table 5-S1 (Supporting Information) shows the relative standard deviation (RSD) of the 
2
D 
tR values and the total area of the modulated peaks. The former ranged from 2.2% for 2-heptanone 
to 4.6% for isoamyl alcohol and is largely a consequence of the lack of an automatic modulation 
event start timer for the GC×GC analysis. The tailing peaks obtained for isoamyl alcohol in the 
2
D 
column contribute to its higher RSD value. The sums of the modulated peak areas show a similar 
degree of variability, with RSDs ranging from 1-5%.  RSD values of the peak areas for individual 
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modulated peaks, also shown in Table 5-S1, are as high as 7%, undoubtedly due to changes in 
modulation phase associated with slight changes in the timing of the modulations [40]. 
   
5.3.5. Structured chromatogram  
  Figure 5-3 shows more clearly the effect of the different stationary phases of the two 
columns. A mixture of 12 compounds composed of sets of n-alkanes (n-heptane, n-octane, 
n-nonane), aromatics (toluene, m-xylene, cumene), aldehydes (hexanal, heptanal, benzaldehyde) 
and alcohols (1-propanol, 1-hexanol, 2-heptanol) was separated using the conditions described 
above (see Figure 5-2e).   
The alkanes eluted in order of bp from the 
1
D column and were well separated, but they 
were not retained significantly on the polar 
2
D column. The aromatic compounds also eluted in 
order of bp from the 
1
D column and were retained only slightly longer than the alkanes on the 
2
D 
column, due to p-π interactions with the ether moieties on the PEG stationary phase of the 
2
D 
column.  The ketones and aldehydes also showed bp separations on the 
1
D column and moderate 
retention on the 
2
D column that reflects their relative polarities and the dominance of dipole-dipole 
interactions with the PEG.  Note that several of these compounds co-eluted with the aromatics and 
alkanes on the 
1
D column, but they were separated on the 
2
D column.  As expected the alcohols, 
except 1-propanol, had the largest tR values on the 
2
D column by virtue of strong dipolar and 
hydrogen-bonding interactions with the PEG. The relative low 
2
D tR for 1-propanol can be 
explained by its high polarity and high volatility, which lead to second-stage breakthrough, as seen 
for benzene in previous experiments.  
The grouping of homologues within a functional group class is a well-known 
feature/advantage of GC×GC analyses of complex samples, where compound-specific analyses 
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D column separations, the increase in 
2
D retention time with increasing 
carbon number within a homologous group reflects some residual volatility-based separation.  
This could be reduced or eliminated with temperature programming of the 
2
D column.   
 
5.3.6. Fast GC×GC separation of a moderately complex mixture 
 Figure 5-4a shows the chromatogram from the 
1
D column (i.e., bypassing the µTM and 
2
D 
column) of a 21-component test mixture containing compounds spanning a bp range of 80 °C 
(benzene) to 178 °C (benzaldehyde). The column temperature was 33 °C and F had to be increased 
to ~ 5 mL/min to obtain tR values similar to those for the 
1
D column obtained at 0.9 mL/min with 
the GC×GC set-up (Figure 5-4b). Peak assignments are based on individual runs of each 
component.  The total analysis time was only 3 min. Overall, good peak shapes were obtained with 
some tailing of the more polar compounds. The following full or partially co-elutions are apparent: 
peaks 3/4 (1-propanol/n-heptane), 9/10 (cyclopentanone/isoamyl alcohol), 14/15 
(n-nonane/cumene), and 13/21 (2-heptanone /benzaldehyde). The np for this chromatogram is ~ 31 
on the basis of the n-decane tR value.  Note that the relatively high value of F employed in this 1-D 
separation is well above the optimal value.  However, operating at F = 1.2 mL/min (corresponding 
to uopt) increased the total separation time 3-fold (i.e., to 9 min).  
Figure 5-4b shows the GC×GC chromatogram for the same mixture with the same 
modulator settings and operating conditions as used in the preceding section. Peaks 1, 2, and 3 
correspond to the most volatile members of the mixture, benzene, trichloroethylene and 
1-propanol, respectively. They all showed evidence of breakthrough, as expected (vida supra). 
The peaks of the polar compounds (i.e., peaks 17, 18, 20, 13, and 21) were broader than those of 
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the non-polar compounds due to the longer 
2
D tR values.  Values of fwhm of the primary modulated 
peaks ranged from 75 ms (n-heptane) to 900 ms (benzaldehyde). All of the overlapping peaks in 
the 
1
D separation (Figure 5-4a) are resolved in the 
2
D dimension, however peaks 8/11 
(2-hexanone/m-xylene) are only partially resolved in the 2-D plot.  The np,GC×GC is ~ 216.  
   
5.4 Conclusions  





columns were employed in anticipation of using microfabricated columns to assemble a 
µGC×µGC system, which resulted in fast separations even for the moderately complex mixtures 
tested.  The effects of the key operating variables Tmin, Tmax, Os, Pm, and F on the quality of 
isothermal GC×GC separations were rationalized in terms of the trapping capacity and transfer 
efficiency of the µTM, and the retention time on the 
2
D column. Results demonstrate that under 
proper operating conditions the performance of this robust µTM rivals that of some commercial 
modulators requiring much higher operating power or consumable cryogenic fluids.   
Due to the need to control the 
1
D column temperature by means of a conventional GC oven 
in this series of experiments, the lowest value of Tmin achievable was limited by the oven 
temperature, which in turn reduced the trapping efficiency of the more volatile compounds tested.  
This problem will be easily resolved in the planned µGC × µGC system by using on-chip heaters 




D microcolumn temperatures. Thermal crosstalk 
between stages also contributed to breakthrough of the more volatile compounds, and the 
relatively slow cooling time of the µTM stages limited the minimum PM to about 4 s. These issues 
should be resolved by increasing the length of the inter-stage interconnection channel and reducing 
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the air gap between the µTM and the TEC (at the cost of somewhat greater heating power 
dissipation), respectively.   
Although a Tmax of 210 °C was sufficient to remobilize even the least volatile compounds 
tested here, a higher Tmax would be required to analyze mixtures containing components with 
boiling points > 200 °C (e.g. essential oils, pesticides, and diesel fuel). Furthermore, progressive 
ramping of Tmin and Tmax would be required to analyze more complex mixtures.  The former may 
require use of a different stationary phase in the modulator due to the possibility of excessive bleed 
at higher temperatures.  The latter could be addressed by implementation of temperature 
controllers to coordinate Tmin and Tmax with the (micro)column temperature program over the 
course of the separation, while maintaining a constant value of ∆T [33]. These modifications 
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Figure 5-1. (a) Photograph of the microfabricated two-stage thermal modulator (µTM), 
with labels identifying the essential features; (b) Photograph of the fully assembled µTM 































Figure 5-2. 2-D chromatogram showing the effect of the modulator temperatures (a, b, 
c), volumetric flow rate (d, e, f), and modulation period (g, h, i) on the quality of 
separations;
 1
D column temperature = 33 °C (25 °C for (a)), 
2
D column temperature = 
80 °C. Conditions for a, b, and c: F = 0.9 mL/min, PM = 6 s, Os = 600 ms. Conditions for 
d, e, and f: PM = 6 s, Os = 600 ms, Tmin = -20 °C, Tmax = 210 °C. Conditions for g, h, and  
i: F = 0.9 mL/min, Os = 600 ms, Tmin = -20 °C, Tmax = 210 °C. Compounds: 1, benzene; 
2, isoamyl alcohol; 3, hexanal; 4, n-octane; 5, 2-methyl-2-hexanol; 6, 2-heptanone; 7, 
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Figure 5-3. Structured chromatogram of compounds from several 
functional group classes. Symbols designate subsets: triangles for 
alkanes (in order of 
1
D tR, n-heptane, n-octane, n-nonane);  
hexagons for aromatics (in order of 
1
D tR, toluene, m-xylene, 
cumene); circles for ketones (in order of 
1
D tR, 2-hexanone, 
cyclopentanone, 2-heptanone); diamonds for aldehydes (in order 
of 
1
D tR, hexanal, heptanal, benzaldehyde); and squares for 
alcohols (in order of 
1


























Figure 5-4. (a) 1-D chromatogram of a 21-component mixture (16-20 ng of each compound, 
injected as vapor). Conditions: 6-m, 0.25 mm i.d. PDMS (0.25 µm thickness); 33 °C (oven); F = 5 
mL/min, FID. (b) GC×GC chromatogram of the same mixture. The 
1
D column was same used for 
the 1-D chromatogram (33 °C), the 
2
D column was a 0.5-m, 0.10 mm i.d. PEG (0.10 µm thickness, 
80 °C),  F = 0.9 mL/min, Tmin/Tmax = -20/210 °C, PM = 6 s, Os = 600 ms, FID. Compounds (bp, °C): 
1, benzene (80); 2, trichloroethylene (87); 3, 1-propanol (97); 4, n-heptane (98); 5, toluene (111); 6, 
hexanal (119-124); 7, n-octane (125); 8, 2-hexanone (127); 9, cyclopentanone (130); 10, isoamyl 
alcohol (131); 11, m-xylene (139); 12, 2-methyl-2-hexanol (141); 13, 2-heptanone (150); 14, 
n-nonane (151); 15, cumene (152); 16, heptanal (153); 17, 1-hexanol (155-159); 18, octanal (171); 





µTM Mounting.  The µTM chip was mounted with epoxy (EE129-4, Epoxy Technology, 
Billerica, MA) and wirebonded to a custom printed circuit board having a central rectangular cut 
out that allowed access to the underside of the chip. Two microfabricated Si spacer structures (7.5 
× 4.5 mm, and 7.5 × 3.5 mm, for the first and second stage, respectively) were affixed to the Pyrex 
beneath each stage using thermally conductive paste (Silicon Heat Sink 340, Dow Corning, 
Midland, MI). Each spacer has a central mesa structure the cross section of which matches that of 
the overlying stage.  The air gap between the mesa and the device substrate (Pyrex) was 19 µm.  In 
addition, a pair of 3×3 mm, 450-µm thick Si slabs was inserted between each Si spacer and the 
TEC surface to localize the cooling to the regions beneath the stages.  A thin layer of thermally 
conductive paste was spread on both surfaces of the Si slabs to ensure good thermal contact 
between the TEC and the device. This assembly was inverted and manually mounted and aligned 
on the top surface of the four-stage TEC (SP2394, Marlow Industries, Dallas, TX). A small axial 
fan (E1U-N7BCC-03, Sundial Micro, Ontario, CA) was placed below the TEC to facilitate heat 
dissipation. Finally, a shallow, rectangular glass shroud with a thick frame was bolted to the top 
side of the PCB on which the µTM was mounted.  A barbed fitting in one wall of the frame 
permitted a tube to be connected for purging the µTM and TEC surfaces with dried house air to 


































Table 5-A1. Reproducibility of the tR values and areas of  modulated 





compound tR2 (s) 
Peak area (pA⋅s)
b 
mod 1 mod 2 mod 3 At 
benzene 1.31 (3.6) 0.08 (4.5) 0.70 (5.9) n/a 0.78 (4.9) 
hexanal 1.52 (4.7) 0.09 (5.7) 0.51 (0.8) 0.06 (6.7) 0.66 (2.6) 
isoamyl alcohol 1.87 (2.9) 0.07 (5.9) 0.13 (5.4) 0.23 (6.0) 0.43 (5.0) 
n-octane 2.57 (2.8) 0.41 (2.8) 0.17 (5.4) 0.08 (4.9) 0.66 (1.0) 
2-heptanone 2.76 (2.2) 0.21 (5.5) 0.23 (4.7) 0.07 (3.6) 0.51 (1.3) 
 
a
 From replicate sample-loop injections of test atmospheres containing 16-18 
ng of each vapor (n = 4). Values in parentheses are RSDs (%).  Conditions: 
1
D 
column temp.: 33 °C, 
2
D column temp. = 80 °C, F = 0.9 mL/min, Tmin/Tmax = 
-20/210 °C, PM = 6 s, Os = 600 ms, FID.
 
b
 mod 1, 2, and 3 refer to the series of modulated peaks for a given compound; 











Summary and Conclusions 
 
 
The preceding chapters of this dissertation have described a series of projects related to the 
development and characterization of microanalytical systems for determining airborne volatile and 
semi-volatile organic compounds (VOC and SVOC) at low concentrations in complex mixtures.  
The broad goals were 1) to demonstrate rapid, automated analyses of selected markers of the 
explosive trinitrotoluene (TNT) at low- or sub-parts-per-billion (ppb) concentrations in the 
presence of expected background (S)VOCs with a field-portable microfabricated gas 
chromatograph (µGC) prototype, and 2) to demonstrate rapid, comprehensive two-dimensional 
GC (GC×GC) separations of moderately complex VOC mixture components using a novel 
microfabricated thermal modulator (µTM).   
A primary emphasis was placed on developing the fieldable µGC prototype, which was 
configured specifically to provide rapid determinations of TNT marker compounds for ultimate 
deployment at airports for screening passengers and luggage. One project, described in Chapter 2, 
was concerned with developing a front-end, multi-stage preconcentrator-focuser (PCF) module for 
a µGC that was capable of rapidly sampling a relatively large air volume and capturing the markers 
partially selectively, focusing them, and then injecting them to a downstream separation column 
and detector. The next project, described in Chapter 3, concerned the assembly and testing of a 
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laboratory µGC prototype, dubbed INTREPID-I, that incorporated all essential system 
components and was capable of performing semi-automated analyses of the TNT markers.  The 
third project, described in Chapter 4, concerned the assembly and testing of the fieldable µGC 
prototype, dubbed INTREPID II, for fully automated air monitoring of the TNT markers. The final 
project, described in Chapter 5, concerned demonstrating GC×GC separations of VOC mixture 
components using a µTM.  
 Each of these independent yet interrelated projects contributed to the overall goals of the 
dissertation. The most important results from this body of work are summarized, briefly, 
immediately below.  First, a multi-stage preconcentrator-focuser (PCF) module designed for use in 
a µGC for the determination of selected markers of TNT is assembled and exhaustively 
characterized. The module had three fluidically-linked components and was shown capable of 
sampling 1 L of air, focusing the marker compounds, and injecting them to a downstream 
separation column and detector within 60 sec with a transfer efficiency of ~80-94%.  This study 
built on a previous project in the group concerned with designing a selective PCF module for 
trichloroethylene. Similar design features are incorporated into this PCF module but the set of 
targets was more difficult to deal with because of their high polarity and low volatility. This is the 
first study to systematically design such a module for the fast analysis of TNT marker compounds 
in the vapor phase; it should be adaptable to other portable systems requiring rapid sampling, 
preconcentration, focusing and injection of similar SVOCs. Second, a fully automated field-ready 
µGC prototype was produced, which combined an adsorbent-packed, deep-reactive-ion-etched 
(DRIE) Si/glass microfocuser (µF), a 1×1cm
2
 long DRIE-Si/glass separation microcolumn, and a 
nanoparticle-coated chemiresistor microsensor array with a PCF module, and was capable of 
analyzing explosive marker compounds in the vapor phase in about 2 min. Third, a GC×GC 
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subsystem that coupled primary (
1
D) and secondary (
2
D) fused-silica capillary columns to a 
mid-point µTM was assembled. This work was an extension of the studies by our collaborators Dr. 
Sung-Jin Kim and Prof. Katsuo Kurabayashi from the Mechanical Engineering Deparment at the 
University of Michigan, who designed, built and characterized the µTM used in this study.  This is 
the first study to demonstrate GC×GC separations with a µTM.  
Chapters 2-4 concern the development of a µGC prototype for markers of TNT.  These 
markers included 2,4-dinitrotoluene (2,4-DNT), 2,6-dinitrotoluene (2,6-DNT), which are natural 
byproducts of TNT production and are found as impurities in all explosives employing TNT, and 
the taggant 2,3-dimethyl-2,3-dinitrobutane (DMNB), which is added to TNT and other explosives 
produced in the U.S and other United Nations affiliated countries.  
 Since the vapor pressures of these compounds, and their anticipated environmental 
concentrations are quite low (i.e., < 0.001 torr), it was necessary to include the PCF module to 
reduce analysis time while also achieving low limits of detection. Chapter 2 describes the 
assembly and characterization of this multi-stage PCF module. In addition to the preconcentrating 
the target analytes, the PCF module was designed to be partially selective – allowing only those 
VOCs and SVOCs with vapor pressures near those of the marker compounds to be captured and 
passed to the separation and detection modules. This was achieved by selecting the appropriate 
type and quantity of adsorbent materials, and the appropriate operating conditions, to allow 
compounds more volatile than the target analytes to pass unretained, and to preclude, via a 
pre-trap, compounds much less volatile than the target analytes from entering the instrument. The 
selectivity imparted to the sampling function reduced the complexity of the sample reaching the 
separation and detection modules, thereby significantly reducing the analysis time.  
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The PCF module consists of three components.  The first component is a pre-trap, a 
commercial membrane filter for removing particles and low volatility interferences. The second 
component is a high-volume sampler that comprised a stainless steel tube packed with the 
graphitized carbons Carbopack B
®
 (30 mg) and Carbopack Y
®
 (15 mg), which traps the target 
analytes but permits more volatile interferences to pass through largely unretained, and the third 
component is a microfocuser (µF), packed with ~2 mg of Carbopack B
®
, which is used to generate 
sharp injection bands. The sample is first collected in the sampler, then thermally desorbed, passed 
to the µF, and then thermally desorbed/injected into the downstream separation (micro)column. 
The adsorption capacities, sampling and desorption flow rates, and heating profiles were 
optimized for each device while minimizing the analysis time. 
Results showed that the optimized sampler (~40 °C) has < 10% breakthrough for a 1 L 
sample captured at 3 L/min and > 90 % transfer to the µF in 40 sec when heated to 225 ºC with a 40 
mL/min desorption flow rate. The µF can provide injection bandwidths of ~ 2 sec (DMNB) when 
heated to 250 °C in 0.6 sec at a desorption flow rate of 3 mL/min, which is  compatible with 
(micro)column separations. Transfer efficiency of ~ 86 ±5% and 94 % for DMNB, and 80±5% and 
83 % for 2,4-DNT, were obtained for the markes at 0.2 and 2.5 ppb, respectively. The selective 
preconcentration, injection and separation of the markers in the presence of 22 interferences were 
demonstrated. These results demonstrated that the PFC module is suitable as a front-end sampler 
of the INTREPID µGC prototypes, and possibly, other portable instruments that require a fast 
collection of sVOCs. 
Although this project was successful, several issues arose that deserve mention here, and 
that should be considered in future work that might be done related to this subsystem. Among 
those issues, the presence of carry over proved to be a problem when connecting the PCF module 
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to the µGC prototype, and more tests are required to determine the problem. The use of a filter as a 
pre-trap, although effective to unretained 2,4-DNT, should be tested to trap interferences less 
volatile than 2,4-DNT. In addition, the long-term reproducibility of the transfer efficiency needs to 
be tested   to evaluate the performance of the PCF for continuous monitoring of the explosive 
markers. 
As the PCF module was being developed, work was also performed on the development of 
the INTREPID-I µGC lab prototype, as described in Chapter 3.  A series of experiments was 
performed with individual components and then with subsystems and, ultimately, the entire 
system. Using a DRIE-Si/glass microcolumn (1-m channel length, 150 × 240 µm cross-section, 1 
cm
2
 footprint, 0.15µm of PDMS stationary phase) connected to a standard GC injector and an FID 
detector, tests were run with mixtures containing TNT, the targets and alkanes of similar volatility.  
Results showed that the microcolumn had enough resolution to efficiently separate the explosive 
markers from co-contaminants of similar volatility. Fast (15-sec) separations were achieved by 
using the on-column heaters and temperature programming the column (up to 180 °C). The sensor 
array employed consisted of two integrated array of 4 chemiresistors coated with functionalized 
thiolate- monolayer-protected gold nanoparticle (MPN) interface layers. Upon integrating the 
sensor array with the microcolumn, however, the resolution was severely degraded. Results 
indicated that the sensor array, which was heated to 70 °C, is the major contributor to extra peak 
band broadening. This can be caused by wall adsorption of the high molecular weight compounds 
into the walls of the detector cell (Macor® lid). Wall adsorption can be reduced by increasing the 
baseline temperature of the sensor array, however, sensitivity and lifetime of the MPNs films is 
significantly reduce at higher temperatures. In addition, dead volume inside the detector cell can 
also be a contributor factor to band broadening.   
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  The INTREPID-I lab prototype interfaced the PCF module to the 1- µcolumn and CR 
array. In addition INTREPID-I consisted of several valves, pumps and controllers that allow the 
user to operate among thee different modes: sampling, focusing, and analysis. An in-house written 
labVIEW software was used as an interface to operate the modes in a laptop. A full analysis of the 
target compounds DMNB, 2,4- and 2,6-DNT, and n-tridecane, which was used as a representative 
interference was achieved in < 3 minutes with LODs in the sub-parts-per-billion range for a 
preconcentrated air-sample volume of 1 L. Results from Chapter 3 were used to guide several 
design modifications incorporated in the INTREPID-II µGC field prototype (Chapter 4), including 
a faster sampling time by operating at higher sampling flow rates, reduction of injection band 
width by use of on-column focusing, implementation of high-speed temperature programming to 
improve chromatographic resolution and reduce analysis time, and use of localized heating 
mechanisms to reduce footprint and power dissipation of the system. The fluidic system was also 
improved by the use of a manifold that integrated the valves, and pumps, and all other fluidic 
connections.  
Characterization OF INTREPID II included calibration, limits of detection, 
chromatographic resolution of TNT markers from complex mixtures, and response patterns from 
the CR array. Results obtained with an analytical subsystem consisting of the µF, 1-m µcolumn, 
and CR array, showed that the calibration curves of the TNT markers were linear for each sensor 
(R
2
 > 0.97). The limits of detection for DMNB, 2,6-DNT and 2,4-DNT were 2.2, 0.5 and 0.9 ng, 
respectively. For a 1-L sample volume, these LODs were equivalent to 0.3, 0.8 and 0.12 ppb, 
respectively. In both cases, HME was the most sensitive MNP in the CR array, due to the greater 
affinity of the polar target analytes towards the polar HME. Quantitative results could not be 
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generated with the fully integrated µGC system, due to residual quantities of the explosive markers 
after subsequent analysis.   
Using, the fully integrated INTREPID-II µGC system, a mixture of 24 compounds, 
including the TNT markers were sampled, focused, separated and detected. Most of the VOCs 
passed unretained, and only compounds with pv values < 2.7 torr were effectively captured and 
analyzed.  The two target analytes, DMNB and 2,4-DNT were completely resolved and eluted 
within 60 sec. At this point, 2,6-DNT was removed from the set of markers because it was realized 
that its vapor concentration would be so much lower than those of the other two markers and that it 
would contribute relatively little to the problem of explosive detection. Response patterns, derived 
from the CR sensor array responses were obtained for each target analyte and an n-alkane 
co-contaminant. The overall analytical cycle time was ~ 2 min distributed as follow: sampling (22 
sec), focusing (40 sec), stabilization (5 sec), and analysis (55 sec). The sensitivity, selectivity, and 
analytical cycle time demonstrated here, coupled with the capability of autonomous operation and 
portability of the instrument, indicate that the INTREPID µGC would be effective for selectively 
detecting markers of TNT in a timely manner, suitable for homeland security applications.  
Future work needs to be performed to improve the performance of INTREPID µGC, which 
include identifying the source of carry over; this can be due to an inefficient heating of the sampler, 
or cold spots in the fluidic path. In addition, other work that can be done to improve the 
performance of the µGC includes the design of a peak deconvolution algorithm for adequate peak 
identification, the use of other stationary phases in the microcolumn with increased selectivity 
towards the target compounds, and the use of thinner MPN films coatings to reduce residence time 
of analytes in the sensor surface. The use of shorter microcolumns can also be explored to reduce 
analysis time. Further modifications can also be made to the µGC hardware components, such as a 
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more efficient localized heating mechanism, and a new manifold design with a shorten fluidic 
paths to reduce possibility of cold spots. The use of microcontrollers, instead of LabVIEW-based 
controllers, and surface-mount technology (SMT) electronics, will greatly reduce the footprint of 
the µGC system, making it more portable. Finally, the ultimate goal is to deploy this µGC system 
for explosive marker detection in a real environment (e.g. personnel or luggage). 
 The assembly and characterization of a fast GC×GC system with a mid-point µTM for 





capillary columns were employed in anticipation of using microfabricated columns to assemble a 
µGC×µGC system, which resulted in fast separations even for the moderately complex mixtures 
tested. Using sets of 5-7 volatile test compounds (boiling point ≤ 174 °C), the effects of the 
minimum (Tmin) and maximum (Tmax) modulation temperature, stage heating lag/offset (Os), 
modulation period (PM), and volumetric flow rate (F) on the quality of the separations were 
evaluated with respect to several performance metrics, including resolution, peak capacity, and 
fwhm.  Best results were obtained with a Tmin = -20 °C, Tmax = 210 °C, Os = 600 ms, PM = 6 s, and 
F = 0.9 mL/min. Replicate modulated peak areas and retention times were reproducible to < 5%.  
A structured 9-component GC×GC chromatogram was produced, and a 21-component separation 
was achieved in < 3 min under isothermal conditions. Results demonstrate that under proper 
operating conditions the performance of this robust µTM rivals that of some commercial 
modulators requiring much higher operating power, as well as consumable cryogenic fluids.   
There are some tasks not included in this dissertation that could be performed in the near 
future to improve the performance of the µTM and GC×GC system. Thermal crosstalk between 
µTM stages contributed to breakthrough of the more volatile compounds, and the relatively slow 
cooling time of the µTM stages limited the minimum PM to about 4 s.  These issues could be 
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resolved by increasing the length of the inter-stage interconnection channel and reducing the air 
gap between the µTM and the TEC, respectively. In addition, although a Tmax of 210 °C was 
sufficient to remobilize even the least volatile compounds tested here, a higher Tmax would be 
required to analyze less volatile compounds; furthermore, progressive ramping of Tmin and Tmax 
can be explored to analyze more complex mixtures. Ultimately, the µTM should be implemented 
into a µGC system to develop the first µGC×µGC system.   
 In conclusion, this dissertation reports the first field deployable µGC for trace-level 
determination of TNT markers in a mixture of VOC air contaminants. This µGC is one of very few 
portable systems specifically engineered for the analysis of trace amounts of explosive markers in 
vapor phase. In addition, the INTREPID µGC possesses other advantages, which include sub-ppb 
detection limits achievable with a 20-sec short preconcentration period, and the ability to 
discriminate the target analytes from possible interferences by means of selective 
preconcentration, chromatographic separation and unique response patterns. This dissertation also 
reports the first GC×GC separations with a µTM. This is a significant contribution to the emerging 
field of comprehensive GC×GC gas chromatography. Results demonstrated performance 
comparable to GC×GC systems with macroscale thermal modulators, but with significant less 
power consumption and without the need of cryogenic material.  
 The research has contributed to the advancements of MEMS technology for air monitoring 
applications. Microfabricated devices that can be engineered to serve a specific purpose (e.g. µF, 
µcolumn, µsensor, µTM) possess several inherent advantages, including small fluidic path 
dimensions, low-power heating, and low dead volumes. The integration of these devices with 
other non-microfabricated components, controllers, and electronics, as described in this document, 
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has enormous potential for re-defining the next generation of direct-reading air monitoring 
instrumentation.  
 
 
 
 
 
 
 
 
